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FOREWORD

The work prosented in this report waa performed by Goodyear Aircraft Corporation, Akron,
Ohio, under the authority of Projeci 6065, Task 806508 entitled "Feasibility Study fora Balloon Type
Stabilization and Deceleration Systam for High-Altitude and High-Speed Recovery, " and Air Force
Contract No. AF33(616)-80186.

This is Part 11 of the contract. Part ] of this report has the subtitle "Functional and Per-
formance Demonstration. "

Mr, 8. Metres, Flight Accessories Laboratory, Aercnautical Syatems Division, served as
contract monitor,

The authors and contributing personnel of Goodyear Aircraft Corperation who cooperaled in
the research and the preparation of this report were F. R. Nebiker, project engineer; W. C. Alex-
ander, associate project erjineer; W, A, Barr, design head; J. W. Bezbatchenko, aerodynamic
analysis; J. D. D'Allura, aerodynamic analysis; L. M. Cerreta, thermodynamic analysis; J, J.
Graham, design; N. E. Houtz, structural analysis; R. W. Nordlic, materials; Dr. R. S. Ross,
consultant; and F. Bloetscher, consultant.
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ABSTRACT

Analytical and experimental data was obtained on a number of inflatable balloon type drag
device configurations in the subsonic, supersonic and hypersonic flight regime. On the basis of this
data it has been concluded that an inflatable conical balloon is a feasible stabilization and deceler-
ation device for recovery from high-altiiude, high-spred flight regimes (up to Mach 10 at 200, 000
feet).

The practicality of these inflatable decclerators was based on satisfactory performance for
a given weight and bulk penalty, technique of manufacturing, and availability of atructurally com-
patible materials within a temperature regime up to 1500°F,

The Ballute (ram-air inflated conical balloon) configuration was selected as optimum for
best mesting the contract requirements. Included in the raport are wind tunne] teat data that pre-
sent drug and stability information of various decelerater configurations placed in a towed position
behind a forobody.

PURLICATION REVIEW
This report has been reviewed and is Rpproved,

FOR THE COMMANDER:

2 e LY

GEORGE &rBOLT, JR.

Chief, Retardation and Recovery
Branch

Flight Accessories Laboratory
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SECTION 1
INTRODUCTION

A, GENFRAL

Under contract AF33(616)-8015 with Aeronautical Systems Division, Goodyear Aircraft
Corporation {GAC) has conducted a detalled study and test program to detormine the feasibility of
using inflatable batloon type drag devices at speeds up to Mach 10 and altitudes up to 200, 000 feet
for applications such ns firat-stage decelerators of missile componeuls, vmergency escape cap-
sules, booster assemblies, and others, This program {s an extension of an applied research study.
Specifically it is the continuation of the work conducted under contract AF3s(616)-6010. The "6010°
program showed the feasibility ~f v apherical inflatable drag device at gpeeds up to Mach 4 and
altitudee up to 200, 000 jvel.

B. BACKGROUND

With the advent of high-speed, sigh-altitude flight, new methoda of stabilization and decel-
eration must be develuped fur quccessful recovery of such payloads as manned space capsules,
rocket boualers, uose cones, and instrument data packages. Initial stabilization is required so that
protective re-entry devices (beat shields, ablation shields, drag producing devices) of a paylond
tumbling or disorionted in spuce can be aligned with the [light path, Initinl deceleration ia required
to reduco nerodynamic heating and loading and to gradunlly reduce the velocity of the payload through
n varying dynamic londing regime,

C. OBJKCTIVES

Tho main objuctive of this program was to determinoe the optimum drag device system that
would perform satisfactorily along a vertieal downward flight path following deployment within the
Mach number veraus altitude onvelopus as shown {n Figure 1. An optimum system {8 definod as a
systom that provides the largest stable drag area at a minimum weighl and bulk penalty, Satisfix -
tory drag dovice performance is dofined as providing a payload ndequinte deceleration with attitude
stability for aligned flight (noar zero angle of attack) and for the subsequont safe tanding in a desig-
nated targot aren. In addition to tho main objective, it was necessary to determine the performance
capabiiitios and Hmitations of the applicable drag dovicos investigntod In order to define the require-
monts for a follow-up Mach 10 captive and froo-flight wost program, The summary of the scape of
the rogquired work of this program {8 nr follows:

Task 1 - Conduct a preliminary study program to detormino performance and dosign ve-
quirements with rospect to nerodynrmics, thermodynamica, bulk, and fabrication limita -
tions of varlous drag device configurations, The configuritions include spheres, hemis-
gpheres, and cones at various apex angles.

Task 2 - Utllizing the performance requirements of Task 1, conduct a grs storage hardware
study to determine weight and hulk of various inflation syatems to maintain inflation of the
drag device throughout the descont trajectory down to sea level,

Tusk 3 - Conduel & waterial requirement study with respeet to weight, bulk, strength, flex-
iLility, gas tightness, and fabrication techniques. The operational temperature limit re-
quirement of the materinl is 15009F,

Task 4 - Conduct functional and lahoratory tests as required to support the analytical work
of tasks 1, 2, and 3. '

Tagk 6 - Ulilizing the results of tasks 1, 2, 3 and 4, conduct an optimum configuration de -
sign study, Assemble results with applicable tables, graphs, and drawings.

This report presests the results of Tasks 1 through 5.

Manuscript released by the author Qctoher 1962 for publication as an ASD Technical Documentary
Report.
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SECTION 2
DISCUSSION OF INFLATABLE STRUCTURE DEVICES FOR DRAG RI-ENTRY

This research and development program was conducted to obtain additional design and per-
formanece information to verify the feasibility ot utilizing inflatable balloon type drag devices to im-
prove flight vehicle performance for safe and successful re-eantry and recovery fron: space,

Experimental performance data was obtained at speeds up to Mach 10, The data consists of
the resuits of wind tunnei igats conductad at gubsonic, supersonie, and hypersonic speeds. The
majority of the decelerator models were [luxible fahrie inflatable models which were towed behind a
1orebody at the end of a {lexible riser cable. The tests supported the major program requlrements
of obtaining aerodynamic, thermodynamic, and structural data on various inflatable deceleratur con-
figurations for the subsoquent optimumn system design in an expanded flight regime not previously
investigated to any degree of completeness,

Per contract requirements, ¢losed pressure-vessel spheres, hemispheres, and cones
were investigated., In addition self-inflnted conligurations called Ballutes wero investigated. As
the name implies, it la a combination balloon and parachute. 1t is similar to a parachute hy method
of ram-air inflation and over-all external shape, Il differs from a chute hecause of ils near-zerov
porogity coated fabric structure and {{a8 enclosure of multiple suspension lines. Because of the
conting the Ballute forms a more rigid inflatable structure and a reaulting finite aerodynamic shape
(dinmiensional stability) which gives predicianie, ropoatablo performance. This type of performance
was demonstrated during the wind tunnel tests.

Thia over-all progeam, supported by laboratory tests, consisted of aerodynamice, thermo-
dynamic, mntorinl, and deaign atudiea. The major reault of the material study wias the development
of a atrong lightweight foldahble metal cloth woven with stranded wires, The slgnifieant wind tunnel
results nae as follows;

(1) T'ralling towed conical decelerators with burble foncea have the capability of obtaining
drag coefflcients of one or groater ovor the entire supersonic sapeed range. Drag co-
officlents ware based on the fully inllaled model design dinmeters of elther 7 or 8 inches,
The burble fence outside dtamotors wore greator than their respeciive inflated design
diamaters.

(2) Trailing towed conical decelerntors which have apex nose angles of 80 degroos or less
are stable (Httle or no coning) in the infinite payload mass cordition throughout the
range of speeds tested.

(3) Ram-air(self -inflating) Dallute models performed satisfuctorily throughout the range of
speeds lested.

(4) The use of the metal ¢ loth fabricated models performing under dynamic loads in a wind
tunnel at Mach 10 and at temperatures of approximately 1500°F for an exposure time
of over one minute was demonstrated.

The significant results of the configuration design study are as {ollows:

(1) Of all of the zero-porogily balloon configurations the ram-air Ballute configurations
offer the moat promise for providing the best performance at speeds ranging from
extremely low subsonic up to and including hypersonic at the least weight and bulk
penalty,

(2) Along vertical trajectories fron: 250, 000 feet down to sea level acrodynamic heating
limita Dacron-neoprene type fabric decelerators in the order of 10 feet in diameter to
operation at speads up to Mach 2 to 2,5.

{3)1t is feagible to utilize Ballute decelerators made of present-day coated metal cloth for
actual free [light tests {n the Mach 4 to Mach 10 {light regime.
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SECTION 3
PRELIMINARY STUDY PROGRAM

A. GENERAL

The purpose cf the preliminary study program was to determine the type of inflatable blun
body configurations to be investigated. 'Tho three basic geometric shapes to he studied under con-
tractual requirements were the sphere, hemisphere, and cone.

Basic shape variations delermined worthy of consideration were the ram air Ballute (cone
balloon), the ram air tucked Balluto, and the torus skirt.

The proliminary study program included & trajectory analysis, aerodynamic anualysis,
thermodynamic analysis, wind tunnel model design study, wind tunnel model atress analysis, and
subfonic wind tunnel tests.

B. TRAJECTORY ANALYSIS

The definition of the vertical trajectories, required at the earliest date possible for {nitinl

design purposes, was fulfilled to some extent by the work of Relerence 1. The desire for explicit

trajectories beginning at each corner of the design Mach number-altitude trapezold {Figure ) and
covering the range of W/CpA from 1.0 to 100 required the computation of the trajectories.

The equation defining the vertical accoleration is

o (- tilo)

and the velocity and altitude equations are

V= j; Vit
h o= J'; vat.

The IBM 650 digital computer was utilized for the calculation of the trajectories. The 1959
ARDC atmosphere was adopted, and the time increment in the solution was varied as acceleration
changed.

A constant (W/CpA) was assum.ed In this trajectory analysis rather than a rigorous con-
sideration of its variation with Mach number for a specific configuration. This assumption was con-
cluded after observing only a slight change in the intercsted trajectory quantities of an 80-degree
cone using both a conetant value of W/CpA and a variable value with Mach number,

The computer print-out listed time, altitude, veloeity, Mach number, dynamic pressure,
and acceleration in terms of gravity(g). These quantities are plotted defining each trajectory for the
specified initial altitude~-Mach number.

An additional quantity, stagnation pressure (Pq) is also of .nterest for design. This quantity

is the pressure behind a normal shock as a total head tube would measure in a supersonic stream.
It was calculated by the following equation:
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The quantity (Pp - P,.)/q is golely n function of Mach number which is a modification of
the Rayleigh pitot-tube formula. The dynamic praasure (q) was nbtained from the computor print-out
and P, wng obtained from the 1958 ARDC atmosphere table for the altitudy in question. All this tra-
jectory data is described in Figuros 2 through 17,

It will be noted from obsuervation of the acceleration and stagnation pressures that their
maxima occur at time zero for tho initinl case of M = 4, 0 and altitude = 70, 000 feet and st W/CpA's
trom 1.0 to 100. These maxima occur later in the trajectory as altitude is increaged and W/CpA 18
increased. Al Mach 10 and 120, 000 feel, however, this is atill the case for W/CpA's of 1 and 10,

C. AERODYNAMIC ANALYSIS

The superiority of a given dacelorator over any other conceivable conf.guration lies not
only In the evaluation of its drag effectivensss behind a payload hut 2180 on its aerodynamic stabil-
ity, structural integrity which affects ita weight, and upon the nature of the inflation mechanism and
its waight. Of aerodynamic concern is the drag effectiveness of the decelerator behind a given pay-
load size (diametor of d) and decelerator aize (diameter of d'), so that the tethered I ngth (£) may
be optimally aet at a given £/d. The elfect of Mach number must also be concerned aince compro-
mises in this length may be in order.

‘The state of the analytical art does not permit the solution of these problemsa. Experimental
techniguea muat then be ulilized

A search of the literature indicated only a minor contribution of experimental data except
that collected under the previous contract (reference 2), and thia work did not extend to the M = 4
to 10 zone, Further, it war desired to suspend the inflatable decelerator behind the payload on a
cable so that the atability characteristics could be observed. The ram-air principle of inflation was
also a new area to be investigated. It waa therefore voncluded thal wind tunnel testa were quite
necessary.

The NABA Langley Unitary wind tunnel was made available for the teats covering the Mach
number range of 1.87 to 4.5, The Arnold Engineering Development Center, Tunnel "C" of the Von
K{rmdn Gaa Dynamics Facility was made availabla for the M = 10 testa, These tests are complete-
ly discusmed In their respective asctions of this report.

In the initial phases of this contractual effort, drag estimates and pressure estimates were
made of varlous cooflgurations to establish further ronsideration. This wag also done for wind
tunnel model design purposes. For this affort, existing dats was exploited, and theoretical calcu-
lative methoda such as Newtonian theory and conical {low theory were employed.

D. THERMODYNAMIC ANALYSIS
1. Objective

Aerodynamic heating of spheres and fi0~degree cunes with spherical nosos as re-entry blunt
drag hodies ware atudied in R Mach number range of 10 to 2 and in an altitude range of 200, 000 tu
40, 000 feet. Tamperature hiatories were determined for spheres without {low separation spikes and
correlated to spheres with flow separation spiked. Analyses were made to determine temperature
distributions over spheres, apheres with flow separation spikes, 00-degree cones, and 00-degree
cones with flow separation spikes.

The objective of this preliminary thermal study was to establish thermodynamic require-
ments for the specified performance envelope (see Figure 1) and to provide temperature data to es-
tablish functional, structural, and environmental design requirements.

Re -entry trajectories within the flight envelope shown in Figure 1 were obtained from com-

puter studies conducted by GAC aerodynamicists in which various drag body sizea and ballistic co-
efficients were uged.
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Re-entry trajectories with ballistic coefficients (W/CDA) of 1, 10, 20, 60, and 100 and initial drag
body deployment at 200, 000 foot and 120, 000-foot altitudes with [reesirean Mach number 10 were
utilized in this thermodynamic analysis. Herein, drak bodies with or withoul flow separation spikes
ave called out as spiked or non-aplked bodlea respectively.

2. Mothod of Analysis

Laminar or turbulent flow conditions, whichever results in the most eritical condition,
were used to calculato temperature distributions over the blunt hadies. Continuum {low theory was
appliedthroughout the flight envelope. The 19580 ARCD Model Atmosphere was used {n all calculntions.

a. Stagnation Point Heat Transfer. Stagnation temperatures were determined {rom the expres-
sion for heat flux to (he forward stagnation point of an axisymmetric blunt body (Eq 1),

s 0,783 0. 44 0.06/dU iq
asp (P!‘w,sp) _O_B(Peﬂe) Sp (F'w!l ) / dx> (lr-lw)s [l + ([,0 52 “l Lp(l)

Equilibrium dissoclation flow propertics were assumed throughout, with Lewls Number
{L) = 1.4 and viscosity as a function of temperature. This exprcssion i8 a result of the boundary
layer theory of Fay and Riddell (Roference 3) with the icnization term omitted since it s negligible
at velocities less than 80,000 fps.

The calculated heat flux was then equated to the formuia for reradiation equilibrium tem-
peratures to obtain the stagnation temperature

agp "e€o Tod. (2

Emissivity (¢) = 0.9 was used in the caleulation.

b. Blunt Body Hout Tranafer Distribution. Temperature distribution over tho axisymmetric
blunt body was determinod from the heat flux ratio Equation (3) proposed by l.ccs (Reference 4) for
laminar flow,

& . 0.5(P/P0) (Wo/Ua)S |(ou /P)o/(pu/P)egp .
o2 | X (P/Po)Uo/UuIS? [0k /Plo/ku/ Ply, sp] 0% 0

(3)

Turbulent flow temperatures over the axisymmetric blunt body were calculated by Van
Driest's method (Eq 4, Reference §).

0.8 -0.2/p\0.80pg 0.2 /410.0 -2/3

Ideal gas properties and the Sutherland viscosity law were applied to evaluate temperatures
using Van Driest's method.

c. Splked Blunt Body Heat Transfer Distribution, The total heat transfer to a blunt body, equipped
with a flow separation spike, has been increased under some conditions (Reference 6) and decreased
under other conditions (Reference 7). Theoretically, an increase in heat transfer might be expected
for transitional or turbulent flow in the boundary layer over the separated region, since prediction
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shows here a large increase for the lower Mach number. According to Reference 8, a decrease in
heat transfer should be experted for lJaminar flow over the entire separated region. With these con-
ditlons in mind, Crawford's investigntion of spiked hemispheres (Reference 9) was used in conjunc-
tion with calculated temperatures for spheres to predict the temperature distribution over a spiked
sphere. The following correlations were used to determine the temperature distribution of the
spiked sphere (Reference 9):

o = 232,59 q
$ =480, 4
¢ = 687.5%, q
¢ =800, 4

£/0) = 4 OR GREATLR

d/D =10

]

n

0.8 G4gp, NS
2.0 dgp, N8
U.vdgp NS
0.154gp, N8
For the spiked sphere with £/D of 4 or greater, the shock reattachment location on the

sphere is approximately 49 degrees from the center-line of the spike as shown in Figure 18 and has
an average separation angle of 11 degrees (Reference 9),

-

SFIKTD SPHERE

e

///'/’\-;.‘”0

Figure 18, Graphical Solution for ¢ of 90-Degree Cone with Other Conditivns

SPIKED 90° CONE

Same as for the Sphere

An approximation method was used in obtaining the temperature distribution for the spiked
80-degree cone. Assuming the separation angle is the same as that of a spiked sphere when £/D,
d/D, and diameter of the spiked cone are cqual to that of the spiked sphere, the shock reattachment
location was determined graphieally for the spiked cone. Using this method of correlation belween

the spilted sphere and spiked cone, a heat {lux ratio versus location curve was obtained for the

spiked cone (Figure 19).
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3. Results
Stagnation lemperature histories during the various flight trajectorios of a sphere with

radiug of onv [ool aro shown in Figures 20 and 21, Maximum stagnation teas:erature for the various
trajecturies are glven in Table 1,

Table 1. Maximum Stagnation Temperatures

e

W/CDA INITIAL CONDITION MAXIMUM STAGNATION TEMT ERATURE CONDITION

M, H{{t) U, (ips) H{ft) 8 (sec) Toraax (°R)
1 10 200, 000 10, 360 200,000 0 2310
10 10 200, 000 9500 15§,000 4.4 2440
20 10 200, 000 9360 140,000 8.5 2610
50 10 200, 000 9550 120,000 7.8 2080
100 10 200, 000 8730 105,000 9.6 3270
1 10 120, 000 10, 400 120,000 0 3240
10 10 120, 000 10, 400 120,000 0 3240
50 10 120, 000 10, 100 113,500 0.6 3260
100 10 120, 000 9, 630 99,000 2.6 3380

From the stagnation temperature histories, the flight trajectory with a ballistic coefficlent
of 10 was chosen as the most probable trajectory for the drag devices. Therefore, surface temper-
ature versus time calculations worn made using this trajectory. Surface temperature results for
apiked and non-splked sphores are presented in Figures 22 and 23, The mnximum surface tempera-
ture distribution curves for spiked and non-spiked spheres are shown in Figures 24 and 28, The
nmaximum surface temperature of the spiked sphere s approximately 20 pereent higher than the stag-
nation temperature of the non-spiked sphero,

Maximum temperature distribution over a spiked 90-degree cone for a ballistic coefficient
of 10 type trajectory, with initfal deployment altitudes at 200, 000 and 120, 000 feet, is presented in
Figures 268 and 27. Calenlated temperaturs diatribution nver p non-aptked 80-depren cane having
tho same conditions as the spiked 80-degree cone 18 shown In Figures 28 and 27 for comparison,
Temperature distribution over a 90-degrec cone for various trajectories i8 shown in Figures 28 and
29,

The decreasing heat transfer rate with increasing radius of curvature at the stagnation point
of a blunt body has long been recognized. The temperaturc decrease with radius increase of a blunt
body can be obtained from the following expression:

TS o T] RO‘O. 125 (5)

Temperatures presented in Filgures 19 through 29 are for blunt bodies with one-foot radii.
Temperatures for spheres or 90~degree cones having radli greater than one foot, can be easily de-
termined from Eq 5 or {rom the tempaerature conversion chart of Figure 30,

4, Conclusions

Ag was previously stated, the effect on heat transfer rates to blunt bodies with flow separa-
tion spikes may vary considerably with length and diameter of spike, tunnel Reynolds number, and
Mach number. The available data does not lend {tself to predicting heat transfer rates to a drag
balloon system in that little If any similarity exists between the spiked blunt bodies and a drag
balloon system.
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E. WIND TUNNEL MODEL DESIGN STUDY

A preliminary design study was made to determine the typee of inflatable blunt body configurations
to be Investigated. A large number of configurations were conceived, and each was evaluated on the
basis of packagoability, weight and structural stability, methods and cost of manufacture, and aero-
dynamic performance. Most of the concepts were eliminated quickly by thege considerations, with
no numerical analysis, leaving a smaller number of concepts {(sce Figure 31) to be investigated
further. The remaining, most promising, concepts fell into two basic categuries: (1) pressurized
types, or thosc that arc inflated by a scli-contained preossure source and (2) ram-air inflated types.

1. Pressurized Types

The pressurized type of inflated structure {(inflated by a solf-contained pressure source)
provides a wide range of possible shapes, The concepts selected for further consideration were
chosen for lheir relative simplicity, low welght, structural stability, and easeof manufacture,
Their shapes fell into areas of known good acrodynamic performance:sphere and hemisphere,

a. Sphere. The sphere, with a fence 15 degrees aft of the equator (Figure 31a), had already un.
dergone considerable development as a decelerator (Reference 2), and it warranted further test
work.

b, Heuwuaphere. The hemlsphere concept (Figure 31h) has 2 hemispherienl front, and the attach-
mueit Lo the fabeie struciure 1s made enfively to the back membrane by passing the tow cable through
a slide fittlng at the frent. Thug, the shape of the front {8 never distorted from its hemispherical
shape by attachments to the fabric oo by meridional cables, as is the case with the sphere. The ad-
vantages of this concept over the sphere were believed to be

(1) Frontul shape would remain hemispherical, smooth and free of protrusions.

(2) Inflated volume i8 reduced and is variable us the buck membrane moves in and out,
thuas reducing the complexity of pressure regulation during changes of altitude,

(3) The possibility that no fence would be required for subsonic stability due to the
sharper radius of the profile at the equator,

¢. Cong Ballpon. The cone bulloon (Figure 31¢) has a structural advantage over the sphere be-
cause the drag forces are applied directly to the frontal cone and diatrlbuled back toward the equator
through suitable fubric reinforcements. The 75-degree cone with the fence at the equuator was select -
ed for this program because a wind tunnel model of this particular configuration existed for use.

d. Airmat Cones, The pure cone {8 known to be an ideal drag body shape. The Airmat cone
{Figure J1d) comes closest to providing the pure cone of all the inflated structures. Other means
of obtaining a cone which were constdered and then discarded were

(1) A series of concentric torl, which would have presented a rippled contour in the flow
direction. and probably would be heavier and more difficult to build.

(2) A constant thickness Airmat, which would have required a special weaving technique
not yet developed, to produce the curved panels.

(3) A series of flat, triangular Alrmat pancls, which was not considered a desirable con-
tour,

The Airmat cone with tapered gores (Figure 31d) 18 a modified type of Airmat which i8 foa-
sible to manufacture economically with proper tecoling. An added feature of this concept was the
possibilily of usc as a variable ¢-na device by reducing the inflation pressure and causing the gores
to be shortened in the hoop direction, thus [orci:ig the cone into a smaller angle.

e. Torus with Curtaln, In s cuncept (Figure 312) a torus. which is a well-known inflated shape,
18 towed by a contoured curtain of uncoated fabric. Thr curtain {8 contoured in the shape ot a flared
cone and was expected to have serodynamic characteristics similar to a blunt cone.

2. Ram-Air Inflation Types
The concept of ram-air inflation, which inflates the body with pressure obtained by the
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enc.rgy of motlon, automatically compensates for change in altitude and changes in dynamic condi-
tions. Thus, the concept promises to greatly simplify and lighten the device by
(1) Eliminating the weight and bulk of the pressure generating system.
(2) Eliminating the need for pressure programming.
(3) Reducing siruciure welght by reducing the pressure diffcrential required ihiough
large changes in altitude,

In addition, the ram-air concept ellminates the noed for maintaining a positive pressure
seal {n the membrane of the prossure body, for a considerable amount of leakage can be tolerated.
At high temperature, the leakage in the closed (preasurized) types may become prohibitive.

The ram-air contepts selected during this preliminary phase were:

a. Cone Ballute with Hemispherical Back, This was the first-conceived ram-air Ballute. It is a
sphere with a tangent cone at the tront and with the inlet at the apex. The fence is located 15 degrees
aft of the equator to give maximum subsonic stability, Two cone angles, 80 degrees and 100 degrees,
were selected for the test program in order to bracket the known limiting angle of approximately 90
degrees for supersonic stability of pure cones. Thia concept 18 shown in Figure 31{.

b. Cone Ballute with Tucked Back. Inthis concept (Figure 31g) the fabric stress in the rear of
the Ballute is reduced by xitaching a center cable to the rear portion and carrying a part of the drag
forco by this cable. The resulling reduction in radius of curvature and the addition of radial rein-
forcing straps to the canter fitting cause the membrane stress to be reduced. Another advantage an-
ricipated in this concapt was the posaibility of varying the drag area by shortening the center cable
and thus tucking the back into a amaller diameter.

c. Eighty-Degree Isotensoid Ballute with Plain Back. This concept is a refinement of the conz
Ballute with hemispherical back and waa developed for the second wind tunncl program after it be-
cawme apparent that the membranc stress in the back of the Ballute cnuld be reduced. In thia con-
cept the membrane envelope is held within a cage of meridian cables or straps extending from the
nose to a ring in the back, The cables then carry a portion of the pressure load, thereby reducing
the membrane stress. A method of design and analysis of thia {ype of structure i8 presented in Sec-
tion 8-C. At this stage in the program tho 80-dcgree cone angle had been determined to be ap-
proximately the maximum limit for supersonic stability.

F. WIND TUNNEL MODEL STRESS ANALYSIS

1. Langley !Unitary Plan Wind Tumel (First Series)

Stroso analysls of the models was based on the maximum loads anticipated in the tests,
Fabric materials descriptions of the wind tunnel models are presented in Table 2. Models through-
out this section are identified the rame us in Table 2.

u. General Analysis. All models were analyzed for the conditions of maximum theoretical drag
coefficient, as given in Table 3. Using these values, the drag is given by the oguation

D = CparR?,
and the pressure at any point is given by

Pa= Coll.
In the case of the meridian cable balloon (Madel h), the no-load condition can probably be shightly
more critical to the fabric stresses than the maximum drag condition. In this case, however, the
static pressure ducing operation of the tunnel is lower than the minimum pressure to which the tun-

nel is evacuated before the flow is started. The maximum load condition, therefore, is the most
critical for'the meridian cable balloon model, as it is for all the other models.
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Critical Wind Tunnel Conditions: q = |

'Table 3. Summary of Aerodynamic Data

MODEL Cp Cp (ait) Cp (inside) Cy (max)
a 1,33 -0.22 1.52 b
b 1.60 -0.17 1.62 >
c L] L * L1
d * . . .

e 1.33 -0.22 a—. Y
f 1.60 -0.17 caus T
g 1,26 -0,17 - "y
h 1,08 -0.25 - 2,0
i 1,05 -0.25 cme 2.0
} 1.33 -0.22 1.52 -

*Porous Models ¢ and d have lighter loads and pressures than similar coated
models a and b, Therefore, no analysis {8 performed and no aerodynamic
data 18 needed.

**Maximum presaure coefficient data is used only in analysis of models h and 1.
-~==Internal pressure coefficient applies only to ram-inflated Modess a, o, ¢, d,

and §,

Table 4. Summary of Minimum Margins of Safety (Based on Limit Loads)

e e e e e et et e ——————— e e et e et

woor | msmcuanan | TAPESAMMOR | Reanmron
a * » L1
b . 2.88 .
[ ’ Less critical than Model a or b. A
d Less critical than Model a or b, i
e >(n . T
f 3.02 - we
g & L] *k
h . L 1] e
i * 1.7 .M
J * * R

* Margins of safety are greater than four.
** These models are not equipped with the respective structural elements.
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In gl tho pressurized models except h, the pressure is determined by the criterion of first
wrinkling, and to insure against wrinkling this pressure 18 multiplied by a factor of 1, § to obtain the
actual pressure desired for the test. Using this actual pressure, the maximum stresses ars obtained
and are compared to the quick-break strengths of the materials. The results are presented ag mar-
ging of safety (Table 4), which are defined us follows:

« Quick-break break strength .
maximum design stress '

Margin of SBafety = MS

In Model h, the pressure is arbitrarily chosen large enough to prevent the deflection under
load from becoming excessive, as indicated by the anslysis of Reference 10, and the stresses are
based on this pressure as described above.

b. Analysis of Models a, b, and E The ram-air Ballute model ghown in Figure 32 consists of &
conical front part and hemispherical rear part. The drag load is transmitted through an inlet fitting
to the fabric and straps at the front of the Ballute, The straps reinfo"ce the fabric, spreading the
drag load. These straps have the threads runuing parallel and perpendicular to the direction of the
tape, as opposed to the gores which have the threads 48 degrees to the center line of the gore. Since
the tapes are straight-cul, they are much stiffer in the meridian direciion than the gores. They,
therefore, carry most of the drag load away from the drag fitting. At the end of the siraps the drag
load {8 spread out so that fabric can carry the additional meridian stresses. The stress analysis is
based on the Ballute with 23 = 100 degrees, since the load in the conical part is more critical.

[-\ TUCKED BALLUTE
g R h\ 28 = go°
D j (l
—— - — e -
\
Y

Figure 32. Ram-Air Ballute (33 = 80 and 100 Degrees)

The maximum drag is given by the eyuation
D = CpasR?
D =1,33x180x0.3490 = 70 pounds.

The maximum atress in the hemispherical part is

P (1.5240.30q = 1.74q = 1.74 xo5- = 1.81 pal
%&.Mlz!‘...i - 3.62 ppi.

The hemispherical part fabric strength is 38 1b/in, giving a large margin of safety.
Lead carried by the straps and tapes:

D 70
nTm = W L W = 109 pounds.

Strength of straps = 100 x0.12 = 12.0 pounda.
Strength of tapes = 38 x0.38 = 14,5 pounds.
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No. of straps = 16 inside and 16 outside.
No, of tapes = 8,
32x12.0 = 384
8 x14.6 =118
800 pounds.

MS -‘;’—gg-- 1= 858

The meridian fabric stress in the conical section (see Figure 33) where the straps ond is
D + 1,5%7(Rcos80%)2 = 1.11qw(Rcos809)2 + 2¥Rcos250°1

or
£ = 7,585 Ib/in.

1.11q

W G(MERIDIAN STRESS)

Figure 33, Tucked Ballute Stressus

The conical section fabric strength is 38 Ib/in., giving a \arge margin of safety.

¢, Analysis of Modelr ¢ and d. The porous Ballutes are strong enough by inspection since loads
are lesa than for Model a and b Ballutes and fabric strength is 80 ppl.

d. Analysis of Models ¢ and {, The Airmat cones (Figure 34) hive a nearly uniform pressure

R = 3.5
A g
’—'—'—‘ P
[}
\‘\I
)
~1.68"
Cpa
bN METAL FITTING
A =] SECTION A-A

Figure 34. Airmat Cone Stresses
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around the {ront side, giving a uniform pressure difference across the Airmat equal to Cpq. The
load from the Airmat is transmitted to the main cable by means of a conical metal nose fitting. The
external pressure loading tends to reduce the hoop stressea in the Airmat unti) wrinkling occurs.

The hoop &tress tn the cone due to the external loading is (-CpaR)/(coaé)

and the sum of the hoop stresses in the inner and outer skina due to internal pressure {8 2Pr, where
r = 1/2 inch. Wrinkling occurs when 2PR = (CpqR)/(cor 8),

When ¢ = 40 degrees, Cp = 1,33:

P 150/144) (3. 5) (1. 33 = 6.3 pai to wrinkle,

Applying a factor of safety of 1.5 on wrinkling, the pressure required is 9, 45 pet in the
80-degree cone.

When 6 = 60 degrees, Cp = 1,60:

Pou 180/144) (3.5) (1.60) 9.1 pai to wrinkle

and the actual required pressure is (1.5) (9.1) = 13,8 psi in the 100-degree cone.

Taking tho metal noiso plece as a free body, static equilibrium yields the approximate re-
lationship

(2) (2n) (0.84) fy cos 6 = D

or D CparR? Cpl160/144) (3.6)2
1 @ T e8ncosd) "I 68rcosd) (D~ (1.68cosd) (3

where
fis the fabric stress in the moridian diraction at the noae.

80-degree cone: fy = 6.6 b/in,
100-degree cone: f; - 9.45 b/in,

The largest pressure stress occurs in the inner diameter of the torus and is equal to

Pr [2-(r/R-r
7 |T-{r/R°T
Using the 100-degree cone pressure of 13.6 psi, the stress is 7.48 1b/in.

The highest fabric stress is 9. 45 ib/in. The fabric strength is 38 lb/in, giving a margin of
safety of 3.02.

e. Annlvsis of Model 3: The curtain consists of eight gores of blas-cut fabric seamed together
with straight cut tapes, which aro assumed to carry the entire drag load. There are 16 tapas (8
inside and 8 outside) with a strength of 22,5 pounds einch. The drag is

D = CpanR? = (1.26) (150/144) (3.59) a = 50.6 Ib.

The load in each tape is 50.5/18 = 3.16 pounds. The margin of safety of the tapes is large.
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The curtain is attached tangent to the front side of the torus, applying & nearly radial load
of 50. 5 pounds distributed uniformly around the torus, giving a unit load of 50.5/2%R = 2.3 1b/in.
The loading 18 shown in Figure 36.

s 2.3 LB/IN.
———
R=3.5IN.
1.25-IN. DIA
— ~
Q

Figure 35, Torus with Curtain Radial Loading
From Figure 85
Q ~(2.3)(3.5) = 8.061b

which produces a compressive stress cqual to B, 05/ #(1, 35)

= 2,05 lb/in,
In addition to the compression, the eccentric application of the load produces a bending
moment in the torus shown in Figure 386.

™~ CURTAIN RADIAL
LOADING

M
IR G
Figure 36. Eccentric Application of Load to Torus

Summing moments about the x-x axis
) ga.sg §1.252. My,

M; = 5.03 in-1b.

The moment produces bending stross (Mic/]) eyual to
(0.625)

— S - 0.814M, = 4.1 1b/in.
06253 t

The total stress is 4.1+ 2.05 = 6.15 1b/in.
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The thickness of the torus is about 0,020 inch, glving a stress of 00 03‘3 = 308 pal and a

very large maxgin of safety.

Figure 37. Sphere

f. Analysis of Model h. The spherical balloon in Figure 37 consists of a gpherical pressure
veasel susponded by a aystem of eight cables along the meridian circles .! (he sphere. The angle
is designed to be 30 dugrees with no load on the balloon. Under load  increases slightly, but a con-
aervativo value of the meridian cable tension is obtained by neglecting any change in 8. Thc maxi-
mum drag expected on the balloon ia

D = CpaaR3 = (1,08) (150) (0. 349) = 53 Ib,

The meridian cable tension s given by the equilibrium of the juncture at the nose of the
balloon: B7,,ain 30C = 88 1b, or Ty, = 13.74 pounds. The meridian cables are 1/32 diameter non-
flexible cargzm steel with breaHng strength ot 188 pounds (Reference 11, page 240). The margin
of safety ia large. Tho uantity nTy, (where n = 8) i8 equal to 110 poundu. guumlng R pressure of
10 pai, the guantity pm = (10) ('n;n(le) = 508 pounds. The ratio nT,,/PrR< {8 then aqual to 0, 219,
A provious detalled analysis of meridian cable balloona indicates that this value results in only mod-
orate distortion of the apherical shape (Reference 10).

The fabric stresses can bo obtained conmervatively by negineting the effect of tho meridian
cables on the aphers, in which case the stress {s everywhere equal to

R __(1_o)§(4) - 20 Ib/in.

) The fabric atrength is a minimum of 100 lb/in., giving a large margin of safety (refer to
Table 2).

€. Analysis of Model i, Figure 358 shows the hemisphere model under load. Thisz mode! cnnsists
of a hemlspherical Iront half and a rear half whose profile varies under load, The drag load is trans-
mitted through the rod to the rear fitting and from the fitting to the fabric at the rear of the bulloon.
In order to carry the drag load with a amall circumference of fabric, the rear half of the ballon is
reinforced with meridional tapes which pass inside a metal ring at the rear fitting and are cemented
to the inside surface of the balloon. These tapes have the threads running purallel and perpendicu-
lar to the direction of the tape, as oppused to the fabric gores which are cut with the threads at 45
degrees to the center iinec of the gore. Because the tapes are straight-cut, they are much stiffer in
the meridian direction than the gores. They, therefore, carry almost all the drag load away from
the rear fitting in the form of meridian siresses, and the rear surface becomes a membrane with
meridian stresses much larger than the hoop stresses. Assuming the hoop stress in the rear half
of the balloon to bs everywhere equal to zero, the rear-half profile is derived as a function of the
parameter D/P1R<, The derivation is lengthy 2nd {# ro preconted here, but the resuits are used in
the following stress analysis.

ASD-TDR-62-702 Pt 1 36




~— REAR FITTING

-

ROD

SLIDING
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Figure 38, Hemiaphere Model under Load

The maximum drag is given by the equation

D = CpgrR3,
and the maximum pressure on the front of the ballocn is cqual to 2.0 q. (Refer to Table 3). Around
the back side the preasure is -0. 28 q. In order to prevent dimnling on the front under lgad, the

pressure differences across the back surface must be 2.25q = P. The quantity D/PrR€ s then
equal to a maximum of

o8« Sy 3 0.0

The drag, D, is evaluated to be D = (1,08) (150) (0.349) = 85 pounds, and the required
pressure becomes, inserting a Rafety factor of 1,6 on wrinkling,

88) (1.8 58) (1,5
--(—MTL- 0.4668, P n TLHT = 3,52 pai.
PrR . 468) {167

The maximum stress in the ophere is equal to

ER. “22 4 . 7.04 1/in.

The fabric strength 18 38 1b/in., giving a large margin of saioty. Assuming the tapes carry
all the streas in the meridian direction, the load in each of the 18 tapes at the equator is

2
PIR w3627 = 11,1 1b,

‘The strength of each tape is 30 pounds, giviug 4 margin of saiety equal to

30
i1 -1 =117,

The tapes exert radial loads on the ring at the rear fitting, as shown in Figure 39.

The ring is Type 312 stainleaa steel annealed tubing; a cross section is shown in Figure 39,
The cross-sectional area is

1/4 |(0.0825)2 - (0.038%)2] = 0.00101 in. 2.
The tensile stress is 28.3/0.00191 = 14,800 psi. Type 312 stainless steel hot rolled has a

yield strength of 45,000 psi (Reference 11, page 17), and the yield strength in the annealed condition
i8 estimated to be 38,000 psi, giving « margin of safety of 38,600/14,800 - 1 =1.71.
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11.1 LB EACH STRAP

' // 0.0625
/
0.0385
Sa
' RING CROSS SECTION
| v e BULY | 955

Figure 39. Radial Loads at Rear Fiiting

2. Langley Unitary Plan Wind Tunnel (Second Series)

8ix models, each eight inches in diameter, wera analyzed for the wind tunnel conditions
presented in Table 8. Models throughout this section are identified the sume as in Table 8.

Each model had blag-cut gores seamed together along the meridian of the model. In all
cages except the hemisphere, which has no outside tapes, the gores were butted together and tapes
were cemented inside and outaide. The vutside tape on the cone balloon was N2682 nylon, a blas-cut
tape with a strength of 80 Ib/in. in warp and fill directions. The outside tape, where used, was 1/2-
inch wide. The inside tape in every case was a 3/4-inch wide atrip of Dacron fabric N337A186 cut on
the bias. The outaide tape on Model a through ¢ was the same materinl, also cut on the bias. The
straps were cut from the same labric as the gores, with the warp threads running lengthwise. The
straps were two plies in thickness and 1/4-inch wide.

8. General Analysis, Wind tunnel loads during =rpersonic operation arise {rom several sources,
as indicaied by prov%ous experience with pressurized and ram-air models, The most critical condi-
tion appears to be the aerodynamic pulsing observed in the ram-air models (Reference 12). Addi-
tional instability occurs during starting or stopping the tunnel, when the air flow passea through the
transonic speed range. Instability can also be oncountered during steady-state operation of the
tunnel {f the drag body ia close enough behind the forebndy to be affected by ita turbulent wake, ‘The
above loading conditions are, of course, superimposed upun the static drag loading, which is the
only desired loading condition. The static loading condition is also the only one that can be predicted
theoretically, because of the complicated nature of the various types of instabjlity. The present
models are therefore designed on the basis of the static loading, and large margins of safety are
used in an effort to obtaln a satiafactory operating life for the models.

The drag is given by the equation
D= cnqmz,
and the pressure at any point is given by the equation

P= Cpq.
Aallowable stress , ... 1iowable

The margina of salety (Table 8) arc defined as MS ~ applied stress

stress = ultima;%atreua = allowabl;sstrength and applied stress = limii stress.

As was the case for previous tests of 8-inch models under similar flow conditions, the analysis of
the metal parts is not included.
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Table 5. Summary of Aerodynamic Loading, Fabric Materials, and
Minimum Margina of Safoty

MODEL|DESCRINTION ARRODYNANIS bava

tq » 150 peli M = 2.5 10 5.0)
Cpft) | Cpair) (‘pam;nh-) Cgmax) | Code No. [ Material

MIN MARGINS OF SAFETY

\Yar;n(?) F,mm, Fubric | SLraph m‘l g_g:_‘:,”

MATERIAL PROPERTIES

w  [80-degree Bate [0.180 | .0.250000 [1.m1(8) | 0,003 [ N3srars [pacron 120 | 100 €07 | 1.23 eeee

lute with lenee 1.721®) 0. 040
b {B0-degree Bal- ] 0.780 { -0, 100480)5) | 41(5) | g 90(?) | N228A230}Nylon 180 | 140 7.5 | 2.33).--- [----
lute witiout -0, 12600090 | 720) | g, g5i0)
fonee
¢ |80-degree tucked | 0.760 | -0.1008)(5)] 1 8115} | 9.00(5) 1 NIFIALS |Dacron 120 | 100 4.60 | 1 TR |---- 10,081
Rallte «0,126(6)41( §,720) | 0.0a(6)
d  |Hemtsphere 0.900 | -0.2%0(3) | .. 1.8115) | N387A15 [Dacron 120 | 100 | .45 | 0.89)-0 198f--.
.0, 100(4(8) 1.72(8)
.0, 126(6X4)
e |75-degrev cone | 0.870 | -0.250(3) 0.72(5) | N337A1S |Dacron 120 | 100 1.66
Balloon 0.74(8)
{  |B0-degree Air- | 0.760 | -0,030(%) 0.90(8) Awrmat (see Table 2) 0.44
mat cone -0.102(8) 0.95(6} l
NOTES
(1) Expesied at M » 2.5 lower values st M> 3,5 {4) Withow turhte lence.
(2) Minimun tensile strenglh o pounds per en. DAM«560
(3) Wath barble Tence. B)AtM = 2.5,

During tunnel oporation the maximum cynamic preasure i8 expected to be 160 psf. Refer-
ence 13 requires that the models be designed with v factor of safety of four based on the yleld
strongth. Because fabrics do not have a yleld sirength in the same sense aa metals, the quick-break
strength 1s used in determining the margins {or the fabric components,

b. AnalEais of Models a and b. Models a and b are {dentical In design, except that Model b does
not have a burble fence a erent fabrics are used in the two models (see Figure 40). These
models are equipped with meridian straps which run the full longth of the Ballute, At the nosc the
straps are assumed to carry the entire drag loud. The drag is given by

D = CpunR?
D = (0.76) (160/144)7(18) = 39,8 lb,

The load in each of the eight straps at the nose is equal to

D

3 cos 450~ 0 1P

On Model a, each strao is estimated to have a strongth of about 60 pounds, giving & margin
of safety of 1.31. On Model b, the estimated strap strength i8 80 pounds, giving a margin of safety
of 2.46.

The contour shape of the rcar of the Ballute has been designed with the value of k = nTp,/
PrR2 = 1/2 (Reference 14, Figure 3A) where the pressure, P, is estimated to be 2.08 ¢. The strap
load on the rear is then cqual to

Y
) U18) _ 6,75 1b.

.. _ PnRZ _ (2.08)(150/144) (=
Ym =—pp—*= {16)

The strap margins of safety are 1.22 and 2. 33 for Models a and b respectively.
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BURBLE FENCE (b)

BALLUTE, 8, = &0° ¢ MERIDIAN STRARS

g I

REAR
“ RING
~ =t [} - — .
NOSE
RING

Figure 40. Second-Seriea Wind Tunnel Models a and b

The fabric stress for this contour is equal to PR/4 in any direction over the rear half of
the Ballute, which gives a stress for this condition of

ER+ (2,08) (150/144) = 2.14 1b/1n,

The fabric strength for Model a i8 100 ib/in., giving a margin of safety of 10.7. For Model
b, the strength is 140 lb/in., and the margin of safety is 16,3. On the Ballute front half, the largest
stress occurs at the base of the conical surfuce at a radius of 3. 38 inches. The hoop atress in the
fabric is equal to P(3. 38)/cos 40° where P 18 the prossurce difference across the front half of the
Ballule, which is cstimated to bo 0.91q. The fabric stress s therefore

L0.90) (80/140) 3.38) ¢ 1g 1,y

‘The margin of safety for Model u In 4. 07, and for Model b the margin 18 7, 35,

MERIDIAN STRAPS

NOSE RING

D

6y = 400

CENTER CORD
Figure 41, Second-Series Wind Tunnel Model ¢

c. Analysis of Mudel ¢ (Figure 41), The rear surigce of the Ballute is designed so that the strap
load (for eight straps together) is equal to 0. 4 Pri* (Referencc 14, Figure 4A); the pressure
pattern is the same as for Models a and b. The load in each strap is therefore

Ty = o.uznnz _ 10.4)(2.08) %m/lﬂ)@ 18) _ 5 40 1.
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The margin of safety is 1,78. The load in the center cord is 0, SP7R2 = 31,0 pounds. The
center cord 18 composed of two strands of MIL-C-5040A (ASG), Type I cord with a strength of 100
pounds/strand (Reference 15). The margin of safety is 0,61,

At the nose the portion of the load carried by the meridian straps is equal to the drag minus
the center cable load, or

39.8 = 831 = 8.8 1b,
The load in each strap is (8. 8)/(8 cos 40°) = 144 pounds, and the margin of safety is 9. 4,

The radius at the base of the conical nose portion s 3.8 inches. The hoop stresas at this
point is

3.0P _ (3.6) (0.91) (150/144) _ o ¢
cos 400 0.766 48 1b/in.

The margin of safety is 100/(4, 48) (4) -1 = 4.6. The rear surface is designed for a fabric
stress of 0,16 PR = (0. 15) (150/144) (2.08) (4) » 1. 28 Ib/in. The margin of safety ia larger than at
the front.

MERIDIAN STRAPS (16, EVENLY SPACED)
~— T
'\~ UNLOADED
o 'l"/ PROFILE
" REAR FITFING
R AND RING
SLIDING
SEAL S~

Figure 42. Second-8eries Wind Tunnel Model d

d. Analysis of Model d. The hemisphere model (Figure 42) is a closed pressure vessel with a
hemispherical nose and a rear surface irom which the drag load is transmitted to the main cable.
The rear surface is tallored to a profile shape which produces zero hoop stress; all the pressure
load is carried by the meridional elements (Reference 14, Figure 6A). In order for such a shape to
be stable under pressure, there must be an infinite number of meridional elements. If there is not
an infinite number of ineridional eloments, there imust be a finite radius of curvature in the fabric
between the meridional elemonts, producing a fabric stress in both directions. The tailored shape
ls therefore unstable under pressure, and the meridional cross section tends to become more circu-
lar than the tailored shape. In this case there are 16 meridional straps made of material much stif-
fer than the gore fabric. The equilibrium shape is therefore slightly different from the tailored
shape, resulting in a small fabric stress (smaller than in the spherical nose section) and & meridian
strap load smaller than the theoretical value. It is therefore conservative to design the straps with
the asgumption that they carry all the pressure stress and to choose the fabric on the hasis of the
stresses in the spherical nose.

The drag e given by
D = CpquR2 = (0.9) (150/144) (r) (16) = 47.0 Ib.
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The internal pressure is arbitrariiy chosen such that the quantity D/PrR2 = 1/3. This gives Cpq/P
= 1/3, aruning Cp = 0.9, P = 2.7and q = 2.81 psi. The maximum fabric stress is PR/2 = 5,62
b/in., giving @ margin of safety of 100/(5, 62) (4) -1 = 3.45. The load in each strap is PsR3/16 =
2.81y = 0,85 pounds, The strength of each strap is 80 pounds, giving 8 margin of safety of
60/(.885) (4) -1 = 0.69,

On page 37 the rear ring was found to have a tensile stress of 14, 800 psi with a strap load of
11.1 pounds. As the ring in this model is identical with the previous one, the stress can be obtuined
merely by multiplying by the ratio of the loads:

(8.85/11.1) (14,800) = 11,800 psi.

The margin of safety is 38,000/ 11,800) (4) -1 = -0,195, Although the margin is negative,
the factor of safety i still greater than three (6. 36 versus the estimated ultimate strength of
75,000 pal), and the strength is therefore conaidered adequate.

. Analysis of Model e, The cone balloon is also a closed pressure vessel, consisting of a coni-
cal nose section tangent to a spherical aft section (see Figure 43). The model is seamed together
from bias-cut gores with bias tapes. At the nose the fabric is clamped to a maetal nose cone, to
which the main cable is attached.

BURBLE FENCE
re /T
v

o |

— . e ——— - -

METAL NOSE
CONE
P=2.0PSI

0.812 PSt
Figura 43. Second-Series Wind Tunnel Model o

The meridian stress in the fabric at the nose is obtained by summing forces on the nose
cone:

D ~ 2xrly cos 38°

D {0.87) (160/144) 7 (18
U = Frroor 38 = oot (oLaie) L = 10.7 10/in.

where r is the radius of the nose cone. At the nose the seam tapes cover the full circumferenre of
the balloon. The total fabric strength is then (2 x 60) + 100 = 200 1b/in. The margin of salety is
200/(10.7) (4) -1 = 3.68,

The highest pressure on the front of the balloon is estimated to be 0.78q = 0.813 psi. An
internal pressure of 2 psi should b gufficient to maintain the shape of the ballocon. The highest hoop
stress occurs at the base of the conical nose section, at a radius of R cos 35 degrees. The stress is

—(—"ap "cf;ﬂ"ag“-g’—« 8 1b/in., giving a margin of 100/(8) (4) -1 = 2.183.

The fabric stress In the spherical part is PR/2 = 4 1b/in., which is less than the siress in
the ncse scction.
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f. Analysis of Model { (Figure 44). The Airmat cone was analyzed in the first series of tests for
similar loading conditions. In that analysis the maximum stress was found o be 6,6 lb/in, for the
80-degree cone, giving « margin of safety of 36/(6,6) (4) - 1 = 0,44,

DROP THREADS

METAL
NOSE CONE

Figure 44, Second -Series Wind Turnnel Model {

d. Arnold Tests

a. General. The analysis included three 10-inch-diameter wind tunnel models and the model
support sting, The three models included one inflatable model made of coated metal fabric, one
rigid model designod for pressure measurements, and one rigid model designed [or temperature
measurements. All three models wero the 80-degree plain Ballute configuration and were analyzed
for the f{ollowing critical wind tunnel conditions:

Mach number = 10,26
Dynamic pressure = 2,24 psl = q
Drag coefficient =0,7=C
Interng! pressure coefficient = 1,856 = N
Rear pressure coefficient =0=Cpp |

The fabric gores of the inflatable model were bias-cut, seamed along the meridians of the
Ballute, and equipped with meridian cables which run the full length and were gathered at the front
nnd rear by metal rings.

Various types of loads to which the models were subjected in supersonic operation are dis-
cuased in the second sexles of Langley tesats,

During tunnel operation the drag is given by the equation
D= CpqrrRz,

and the pressure at any point on the drag body is given by
P = Cya.

The margins of safety (Table 8) arc defined as

Ms - -llowahle stress , ... s1i0wable stress = LMAtE Stress
limit stress F§

Refercnce 16, page 712, prescribes a factor of safety of 5 based on the ultimate strength or 2 based
on the yield, whichever s more critical. In all cases herein the ultimate strength condition governs,
except where otherwise stated.
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Table 8. Minimum Margins of Safely (Based on Ultimate Loads)
m

DESCRIPTION OF MARGIN
STRUCTURAL OF
COMPONENTS SAFETY

Metal Cloth Drag Model

Meridian Cables -0, 265¢
Main Cable -0, 38+
Fabrie 0.16
Nose Plece 0.00

Rigid Temperature Model

Shell Largé
Screws 0.16

Rigid Presasure Model

Mounting Sleeve 0. 94
Rear Wall 0.22

Model Support Sting

Strain Link 0.24
Side Walls 0.13¢

*Satisfactory to AEDC personnel.
**Refer to 3F3a for discussion of yleld margin.

b. Analysis ol Metal Cloth Drag Model. The drag on the model (Figurc 45) under the critical
wind tunnel conditions is

D = CpavR2 = (0,7) (3.24) (267) = 133 Ib,

MERIDIAN
/ CABLES

\ REAR CLAMP
ASSEMBLY

D

NOSE

PIECE

Figure 45. Metal Cloth Drag Model
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If there are eight meridian cables, the load in each one is

D
Tm = 5o0s 400 = 20.1 I,
at the nose of the Ballute, On the rear half the cable loada and fabric stresses are determined by the
pressure difference, P, and tho profile shape. In this casg the Ballute s designed with a rear pro-
file shapo, which gives a total cable load equal to 0.5 PaR* and a fabric stress of PR/4. (Deriva-
tion of the profile shape {8 given in Reference 14.) The pressure, P, is 1.85 q = 4. 15 psi during
ttoady-state operation. The load in oach cable is then

0.5) (4.15) (367) _ 39 3 pounds in the rear half of the Ballute, and the fabric stress i

4.18) (8) . 5. 19 1/in,

The fabric is estimated from tests run at GAC to have a strength of 30 lb/in, at 1400°F,
The margin of safetly is

30
m ~1 = 0,16.

Tensilo tosts have ulso been run on the meridian cables at room temperature, yielding a
value of 102 pounds. Tho moridian cable strongth is ostimated to be 74.5 pounds at 1400°F, and the
maln cable strength 18 70 pounds, The murgins of safety ure -0, 265* and 0.09 reapectively.

in the wind tunnel the Ballute was to have been doployed a distance of 4 inches behind the
payload in free fall. From there the actuator was used to move tho Ballute to a total diatance of 12
Inches, During deployment it is assumed that the model does not have time to inflate. The drag
area {a therefore cqual to the avea of the three-inch-diameter diac on the rear of the Ballute, The
drag i8 equal to

D = (1) (2.24)n/4(3)2 = 15,8 Ib,

assuming a drag cosfficiont of 1, The onergy applied to the Ballute is thon (15,8) (4) = 83. 2 in-1b.
The main cable must absorb this enorgy by stretching under the snatch load that occurs when the
cable iy fully payed out. The main cable i8 composed gi 49 slands of O.OIZOl-mah-dhmetor Rend
41 wire. The cross section area is (48) (1/4) (0,.0104)% = 41.8 x 10-4in. 2, The modulus of vlaati-
city of this cable {8 asgumed o bo similar to that of carbon stael cable (Reference 11, page 241).
A value of 14, 000,000 pai is used. Usaing a total cable length of 82 inches, the elongation of the
cable under load, P, is

P(a2)

. = 1.41x10°3 p,
(14 x 10%) (41.6 x 1049

The strain energy is equal to PAZ/2 = 0.705 x 10~3 p2, This energy is equated to the Bal-
lute kinetic energy:

0.705 x 10-3 p2 - 83,2
or
P = 300 Ib.

The room temperature strength of this cable is estimated 1o be 920 pounds, giving 2 mar-
gin of safety of -0.38.*

*Although a negative margin i8 obtained, the safety factor is greater than 3, and the strength is felt
to be adequate by AEDC personnel since a possible failure of these lighiweight models would not be

detrimental to the operation of the tunnel,
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At the rear of the Ballute the fabric is claned between two metal rings by eight No, 4
ferawr. The root area of sach acrew is 0. 0085 in. € (Reference 17, page 165), giving a total ares of
0,052 in. 4, The screws are Type 310 astainless steel, which has a room temperaturs sirength of
85, 000 psi tension. If theme screwa are tightened to only 10,000 pai, they exert a total load of 530
pounds., Assuming a coefficient of friction of 0, 3, the radial fabric load required to cause alippage
Is (520) (2) (0. 3) = 312 pounds. The fabric stress timea the circumference at the clamp is (3, 42
Ib/in. ) (2, 876xin.) = 25.5 pounds. There are large margins of safety on both the screw stress and
the clamp friction.

CLAMPING FORCE

N\ swoes e

—+
=N

2.34 DIA——=]

Figure 48. Cross Secticn of Nose Fitting

i Figure 48 shows part of the cross section of the nose fitting. The load 18 applied through
the ball on the main cable 1o the rear of the noso fitting. The rear face of the nose fitting can be
conservatively analyzed as a circular plate simply supported at the outer edge and loaded hy shear
around the center hole. This is case 1, page 63, of Reference 18, which givus u table of values of
the constant k for use in the equation

2
Conuy ™ E'S)—(Rewrcncn 18)

where ¢ max is the maximum bending stress, q the shear per unit length, a the outer radius, and h
the plate thickneaa. The inner radius is dofined as b, For this case a = 0, £62 inch, b = 0,1721nch,
h = 0.125 inch, and k 18 estimated to be 1.85. Using the drag of 123 pounds, (Reference 18)

q "12%‘ 114.0 1b/in.

The maximum stress is then

2
% max ™ {1.85 ((:lgs()(” 562)° . 4500 pst. (Reference 18)

The nose piece is made of Type 321 stainlens stoel, with a tensiie strength of 29,000 psi at
14000F. (Reference 19, page 73, T00CF - 13000F part), the margin of safety is 0. 28.

The outer flange of the nose piece is used to clamp the fabric in place. The fabric stress
was previously found to be 5. 19 Ib/in, At the outer diameter of the flange, this gives a total fabric
load in the meridian direction of (5.19) (2.34)r = 38.2 pounds. Assuming a coelficient of friction of
0.3, the required normal force to prevent slippage is 38.2/(0.3) (2) = 63.5 1b.
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Using a {actor of 2 on the normal force, the actual load ia 127 pounds, For purposes of
analysis the {lange luad is assumed to be resisted entirely by bending ot the necked-down portion, as
though the flange were a sories of radial strips. The resultant of the flunge load acts at approxi-

mately the diameter

_L,Q@_%L,ﬁ_‘! = 2,10 in,, and the load per unit length is

-%3'-;-5-“ = 18.45 Ib/in. The moment arm of the resultant about the necked~down section is

218203 . 0.0804 = 0.204 inch, and the bending moment i (18.45) (.204) = 3.77 in. -

Ib/in. The section mudulus per unit width is

1 .3
0 (16)!“ Te36

at the necked-down section. The bending stress is (1636) (3.77) = 5780 psi, giving a margin of
aafety of

%9, 000

5) (5780) "+ = 9-00.

To allow for inflation of the Ballute, 16 equuily sprced holes are cut in the eylindrical sec-
tion of the nose piece. Tho webs between the holes then act as fixed ended columns through which
the drag load {8 tranamitted. The web cross section Is shown in Figure 47.

..0|24.-

0 094

—

0.0846

Figure 47. Web Cross Section

The cross section area is approximately

(0. 004) (Q—oﬂe—"z—o—l?ﬁ-) = 0.0008 in. 2, and the compressive stress 18

S - N
(167 (0. 0ogB) - 840 pei.

The cross section properties can be conservatively obtained by neglecting the taper and treating the
webs as though they were rectangular in section, 0.0848 x 0.084. The minimum moment of inertin

00“ 3 P - ] ';. l4 0 ln.

The load on the rectangular section is
(840) (0.094) (0.0848) = 6.70 1b.
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The cquation for the critical load on a fixed-ended colums (Reference 20) is
n ')
Pep ® f‘lahl

Because the ends of the column are free to displace laterally, however, the length, £, must be twice
the actual length of 0. 375 inch, The critical load thus ubtained is

472 (30 x 108) (4.74 x 10-6
S ] 3 ) - 5,080 1b.
(0.75)

The margin of safety in buckling is very large.

¢, Analysis of Rigid Temperature Model. The temperature measurement model (Figure 48) s
fabricated irom . 050-Inch stainleas steel sheet und is supported at each end of the model by a shaft
passing through the center. At the front support the cross section profile is at 40 degrees to the
center line, whereas at the rear the profile is nearly perpendicular to the center line. Because the
front support 18 much stiffer under axial loads than the rear, the entire drag load is assumed to be
carried by the front. The radius at the welded joint between the skin and the nose plug is one inch.
Using the sume value of drag (123 pounds) as for the metal cloth drag model, the tensile stress is

- 133 -
8 = Tan) (0, 050) cos 400 - 11 psh.

Figure 48, Rigid Temperature Model

At 14000F the strength of 321 stainless steel is 28,000 psi. (Reference 19, page 73, 7000 -
1200°F part). The margin of safety i8 large.

The maximum internal pressure ia estimated to be 4. 15 psi. Again neglecting the load
picked up at the rear support, the entire pressure load is assumed to be carried by 8 No. 4 Type 318
stainless steel screws holding the front and rear halves together. The total pressure load is

(4.15) (25m) = 328 1b.

The shear load in cach screw is 326/8 = 40.8 pounds, and the shear area is 0.0085 in. 8
(Reference 17, page 165). The shear stress is 40.8/0.0085 = 8260 psi. The tensile strength of each
screw is 61, 000 psi at 12000F (Reference 19, page 81, 700°F to 12009F section). Estimating the
shear strength to be 0.6 of the tensile strengtl, the margin of safety is 0. 16.

d. Analysis of Rigid Pressure Model. The pressure measurement model (Figure 49) is als
sting-mounted, but i8 supported entirely at the rear. A sleeve is welded to the back half of the
model, allowing it to thread intn the sting. For purposes of determining the weight, the madel can
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rigure 48. Rigid Pressure Model

be approxjmated by a sphere. The avea 18 47R2 = 314 in. 3, and the volume is (314} (0. 375) =
117.8 in. 3. The weight is approximately (117.8) (0.235 1b/in.3) = 33,6 pounds. When positioning
the mode) in the tunnel, the sting assembly can receive a maximum of 2g's loading vertically. As-
suming the cg is located 5 inches in front of the support joint, the moment on the welded sleeve is
(33.6) (2) {6) = 338 in.-1b. The weakest croas section is shown In the following sketch:

“*o.n

The moment of inertia of this cross section is

The bending streass is

338) (5/8) . 2980 pai,

The sleave material is Type 321 atainless steel, with a tensile strength of 29, 000 psi at 1400°F
(Referance 19, page 73, 7000 to 12009F part). The margin of salety ia 0,94,

The bending moment of 338 in. -1b must also be carried by the rear wall of tho Ballute
model. It can be conservatively assumed that the moment is carried only by a one-inch-wide strip
of the rear wall, as shown in Figure B0.

{ \ass IN.-18
75

'J : -I‘\ 0.375

/

Figure 50, Bending Moment at Rear Wall
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The maximum moment in the strip is 336/3 = 168 in, -lb. The strip cross soction i3 shown

in the following sketch:

E—

The section modulus is
1. 8.3 2 .0.0234in.3,

and the bending stress is 188/0.0234 = 7180 psi. The material is Type 321 stainless stesl, with a
tensile strength of 44, 000 psl at 1300°F (Reference 19, page 79, 700 to 1200°F part). The margin
of safety is 0,22,

Under the direct drag load the rear half of the model can ba approximated by a flat circular
plate with a rigid plug at tho center. This is case 8, page 62, Reference 18. 2a/2b = 10/1.75 =
5.74. k is estimated to be 1.9, The maximum stress is therefore

% max -E-,—whoreq-a D 11-%- 3.92 Ib/in,

0“3
« 4. 0. jﬁ);’_l 1320 psi.

The 2-g loading condition analyzed previously gave a bending stress of 7180 pai, Uncer 1-g
the streas is 7180/2 = 3880 pel. Adding this to the stress from the drag load, the total is 4010 psi,
which is less than the stress under the 3-g condition.

The frunt and rear halves of the pressure model are held togethor by six cap screws ungled
nt 38 dogrees to the center line, The scrawa are 1/4-20-NC and are made of Type 316 stainlena
uteel.

The total pressure load at the equator {s approximately
(4.16) (4.84)%2 = 278 1b.

Subtracting the drag, the total load carried by the acrews is 278 - 123 = 135 pounda. The
load in each one is then 19. 4 pounds. This load has a tension component of 19.4 cos 350 = 15,9
pounds and 8 shear component of 19. 4 sin 35 = 11,1 pounds, The stress area of this screw is
0.0317 in. 2 (Reference 17, page 165), giving a tensile stress of 601 psi and a shear atreas of 351
psi. The margin of safety 18 very large.

e, Analysis of Model Support 8ting. Figure 51 showa the model support sting with the weights and
dimensions of the various sections. The 2 g vertical 'nading condition produces bending moments in
the sting due to the weights and moment armg shown. 1If it is assumed that only the side walls are
effective in bending at the joints, the critical sections are the two joints at the rear of the sting. The
section modulus of the two sidewalls together is

2
1. 201 e 5,4

The maximum bending moment 8 (2) (8 + 5) (61.5) + (2) (80) (30-3/4) = 6280 in-1b, and the
bending stress i8 6260/1.309 = 47980 psi. The material is Type 321 stainless steel, with a tcnsile
strength of 78, 000 psi at 2000F. The margin of safety is large.
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Figure 51. Model Support Sting

During tunnel operations it was anticipated that the model could be deflected as much as 16
degrees to the aide, applying n side thrust to the sting. This side component is

123 8in 150 = 31.8 1b 1

and is applied approximately 3 inches behin¢ the shear centar of the airfoil atrut, The torque on
this strut is (31,8) (3) = 85.4 in-lb. The crosa section dhmensions are shown in Figure 532,

Figure 62, Strut Cross Section Dimensions

The enclosed area is approximately (3/8) (5-7/8) = 2.2 in.2, and the torsion shear stress

— 954
) (2.2) (0.063) 345 psi. The margin of safety is very large.

The bending moment on the airfoll section from the side thrust is (31,8) (18) = 575 in. -1b.
The moment of inertia about the x X axis can be conservatively estimated by assuming all the ma-
terial is concentrated at a point midway between the axis of symmetry and the outer fiber. Thus
Ix-x = (2) (8) (1/18) (0. 218)2 = 0.0358 in.4, and the bending stress is

g = LBTLOAR) . 7080 s,

18,000 _ ., o

The margin of safety 18 53775457
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The support sting i8 equipped with a preassurized systein of passages through which water
flows for cooling during tunnel operation. The highest pressure stresses occur in the six-inch side
wall of the lower beam, which has the iargest span of uasupported wall, The side wall is cquipped
with a row of 1/4-inch-diameter roda spaced cvonly between the edges of the wall, The rods are
3-1/2 inches apart. 'The side wall can be conservatively anlyzed as a large sheet supported by the

roda spaced as shown in Figure §3,
®~®m®~$b®

d—6 O-0—a

»{‘é)“(' _5”5/ ; as 3 IN,

b=3-1/2 ‘

7, 1/4" DIA RODS

®

Figure 53. Rod Spacing

The wall i8 loaded hy a uniform presaure of 25 psl as shown in Figure 54, The probiem is
discussed in detall in Referenco 18, page 245. In this case b/a = (3-1/2)/(3) = 1.168.

0.109

Pz 62,5 LB 4

| I I

25 Psl

Figure 54. Wall Loading

The table on page 248 of Roference 18 gives 8 = 0.0226, 3y = 0.0359. The moment, My,
at the center of the panel is the larger. Iis value is 1

My = (0.0359) (26 pai) (3-1/2)% = 11 in,-It/tn.,

and the bending stress 1s (8) (11)/(0.109)2 = 5500 pel. Using the conservative value of the ultimate
strength of 78, 000 psi at 300, the margin of safety is large.

At the support points the moments My and My are given by Reference 18, Equations (157),
page 143, My is the larger. The values substituted areq = 25psi, a = 3, b = 3.1/2, ¢ = 1/8,
71 = 0,384, Y2 = 0.118, v= 0.3, ¢ = a/2. Using these values,

My = 66 in.-Ib/in,

A lirst approximation to a limit design analysis indicates that the maximum ultimatc moment (5.0
times the applied moment) would be 6.0 (66 + 11) (1/2) = 192.5 in. -1b/in. The modulus of rupture
of annealed Type 321 stainless steel at 200°F is at least 78,000 ~ 1.4 = 109,000 psi. (Since the
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rectangular section shape-factor for a ductile material is close to 1.6.) The corresponding "stress"
is

which gives a margin of safety ot

109000
96300

-1 = 0,13,
Yield loads would cauge only local ylelding at the posts - no general yielding.
The strain link assembly, located in the lower arm of the strut, receives twice the lonad

that is produced by the drag device, or (2) (123) = 246 pounds, The strain link itself is a atrip of
Type 321 stainless steel 1/2-inch inch wide by 0.036-inch thick. The tenslle stress is

24
—o b0y 3.036) = 13,680 pai.

The tensile atrength of Type 321 stainleas steel is 86, 000 psi at room temperature (Refer-
ence 18, page 73, 70U to 1200°F part), giving a margin of safety of 0. 24,

The strain link is welded to the end plate, which is attached to the aide plates by means of

four No. 8-32 flat-head acrews. The end plate cun be conservatively analyzed as a fixed end beam
with dimensions shown in Figure 55,

246 LB 246) (3.031 )
(246) (3.031) l ‘___)La__) IN,-L8

~——————— IN.-1b
’ ™~ C 15[]':"' 0.438

leam mtar __“_T—
, 3,031 i — C.28}

Figure 85, Radlal Loads at Ruar Fitting

The section modulus is
2
I 0, 281)(0, 438 3
L . {0.3810.438)" .. 0. 00888 in.°.

The maximum bending moment ia

(3_?_) (____3.231) = 83.1 in. -Ib. The bending stress is

3-‘—-(%:—9—5- = 10,400 pai, and the margin of safety is 0.63.

The four No. 8-32 screws have a stress area of 0.0139 m.z each. The screws are in

double shear, giving a total aren of (8) (0.0139) = 0.111 in.2. The shear stress is 163/0.111 =
1,470 psi, and the margin of safety is large.

The pulley pin is a 3/18-dlameter slotted spring steel pin (M3 16562) having a streugih in
double shear of 4400 pounds. Its margin of safety is large.
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G, SUBSONIC WIND TUNNEL TESTS

Wind tunnel tests of the most promising drag models were conducted in Goodyear Aircrait's
subsonic wind tunnel prior to the testing of the identical models in the NASA Langley Unitary Super-

gonic wind tunnel. The purpose of these subsonic testa were as follows:

(1) Obtain drag coefficient data at M ¥ 0,2,
(2) Observe towed atability.
(3) Proof load wind tunnel models.

Figure 56 shows a model in GAC's subsonic tunnel, Data obtained is given in Table 7,

Table 7. Subgzonir Performance Data

DYNAMIC
DATE TYPE OF MODEL PRESSURE ¢p PERFORMANCE
(1b/1td)
Jan 1681 | 789 cone balloon with 8, 3% 73 0.57 - 0,61 Coning ¥ 89; stable.
fence
Jan 1881 | 750 Ballute with &. 4% fence 73 0.56 Caoning = 5%; stable.
{open-front inlet)
May 1061 | 1007 Ballute with 6. 28%, ) 0.70-0,13 Coning & 109,
fence (open-front inlet)
May 1961 | Sphere with 68, 28% fence 60 0.59 - 0.02 Coning less than 49;
stable.
May 1961 | 80 Airmat cone 80 0.57-0.170 No coning; stable,
May 19861 | 1000 Airmat cone 60 0.66 - 0.75 Coning less than 20;
stable.
May 1861 | 80° Ballute with 6.25% a0 0.86 Conlng lens than 60;
fenco {open front inlet) stable,
May 1961 | Torus and curlaln 80 0.68% Coning = 18°,

Figure 58. Seventy-Five Degree Cone Balloon with 6. 3-Percent Fence in GAC Subsonic Tunnel

ASD-TDR-62-T02 Pt 11

54




SECTION 4

SUPERSONIC WIND TUNNEL TESTS AT NASA
LANGLEY RESEARCH CENTER

A. GENERAL

The primary objective of thuse tests was to obtain drag and stability characteristics of the
various towed configurations throughout the supersonic speed range.

The tests were conducted in the Langley Unitary Plan wind tunnel, which is a variable-
pressure, raturn-flow tunnel, The tunnel has two test sections 4 feet by 4 feet square and approxi-
mately 7 feet long. The nozzles leading to the test sections are asymmetric sliding-block-type
nozzles, and the Mach number may be varied continuously through a range froia 1.57 to 2,87 in one
test section and from 2. 30 to 4.66 in the other. Reference 13 gives further details of the tunnel.
Spark Schlieren photographs were taken for qualitative flow observations. High-speed Schlieren
movies were taken to observe both flow and dynamic atability of the towed moduls. Drag coefticient
data were recorded at various distances betwaen the payload and towed drag body. The estimated
accuracy of the measured test data is as follows:

Cp + (.02
A (towed line length - inches) & 0.560
M, (1.57 to 2.87) + 0,92
M. (2,30 to 4,858) + 0,08,

A typical model installation consisied of a payload and trailing towed drag body assembly
as shown in Figure 67. The support system included two thin atruts spanning the tunnel in the hori-
zontal plane and holding the payload in the center of the tunnel (see Figure 58). Each towed drag
modol was attached to the payload with a 0, 10-inch atainleas steel cable from a drum mounted on &
straln gage balance inside the payload. The balance with the motor-driven drum comprised a con-
venient system for testing towed decelerators since the distance between payload and drag mode!l
could be varied during the test run. Figures 69 through 62 show four models in the wind tunne!.

B. TEST PROGRAM

Figures 63 and 64 show some of the modela used. Figure 85 shows detailed sketches of
typical Ballute models. Table 8 lists the mudels {usted, and Table § is a compiete log of all of the
supersonic tests.

Table 8. Superaonl Wtd Tunnel Test Modely

MODEL
80-~-degree Ballute with 8. 25% fence (open front inlet) , 14
75-degree Ballute with 8, 30% fence (open front inlet) , 7,8
80-degree Airmat cone (preinflated) , 16, 20, 26, 27, 28

Torus and curtain {flexible curtain, rigid torus)
Sphere with 8, 25% fence (preinflated)

Hemisphere (preinflated)

100-degree Alrmat cone (preinflated)

75-degree cone balloon with 8.3 % fence (preinfiated)
100-degree Ballute {open front inlet)

80-degree tucked Ballute (open front inlet)

80-degree Ballute (front inlet with reed valves)
80-degree Ballute (front inlet with screen)

75-degree Ballute (side tnlets with screen)

80-degree Ballute (side inlets with sireen)

80-degree Ballute with 3. 9% fence (side inlets with screen)

, 10, 13, 21, 23, 24, 25

O B e O3 B =

11, 22, 29, 30, 81, 32
12, 17

15

18

19

33, 34, 35, 36

37, 38

39, 40, 41, 42
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Table 9, Log Sheet of Supersonic Tests

DYNAMIC
RUN MACH PRESSURE

DATE NO, MODEL NO. (b/1td) /4 PERTONMANCE?

6-19-61 1 | 80-degreev Rallute 117 173 2 - 4 | Model inflated S0 percent, madel rolied,

6-20-81 2 ]| 75-degree Ballute 2.06 v1.6 .- Model partially inflated; mndel ex-
perienced some coning and flutter:
maodel ait end ruptured,

6-30.61 3 | 80-degree cone 1,77+ 2,12 | 152 - 173 | 1 - 7 | Stable generally; o coning; no rotl.

6-20.61 4 | Torus and curtain 1.83 183 8 High-{requency curtain flutter: model
experionced some coning: curtain
seam parted.

8-20-681 8 | Sphere a0 188 - Stable; model lanked.

€-21.61 6 | Hemisphere 1,64 - 2.78 ) 102 - 182 | 3 - 10 ] Stable: no coning: no roll.

8-22-61 1 Tb-degree Ballute 1.1M nen “en Stable; uo coning.

6-22-61 8 100-degree cone 215 182 nea Unstable; 20-degree coning: tow cable
broke.

6-22-61 9 | 15-degree Ballute L7 (LT e Moudel partially inflated; model ex-
perienced some coning and flutter:
model aft end ruptured.

6-22-011 10 | Sphere 2,18 152 ane Stable,

6.2%-81{ 11 16-degree cone balloon |[1.77-3,78 | 162 - 168 | 2 - 10 | Stable.

6.25.411 12 100-depree Ballute 1.77 "n= Model partially inflated: 20-degree
coning.

4.23-81 | 13 | Sphere 1.688 - 3.5 140 cun Stabla generally,

6-33-61§ 14 | 80-degreco Ballute 2.60 - 2,16 | 108 - 118 Model intistsdpartinlly: model rolled:
model experienced fabric flutter:
model 4ft end ruptured.

6-23-61] 15 | 20-degree tucked Ballute 3.68 102 wea Mode! inflated, stable (no apinning or
coning): modal alt end ruptured.

0.d7.61 16 80-degres cons .71 152 2 - 10 | 8table; no coning: no roll.

8.a7-61 11 100-degree Dallute 1.808 asn . Tow cabla broke: stopped test.

9-325.61 16 80-degree Ballute with al-3b 180 3 - 8 | No coning: high spin rate; model not

{ront inlet and reed fully inflated,
valves

9-27-61) 190 80-degreo Ballute with 'RER N ) 150 4 - 8 | Noconing; high spin rate; model 1ot

from nereenad inlet fully inflated,

4-18-42| 20 | 80.degree Airmat cone {32.0- 3.87 180 1 - 13§ Stable.

4-17-62}1 2 Sphere with fenca 30-35.87 180 { -~ 12 | Stable,

4-18-02] 122 78-degreo cone balloon | 2.0 - 3.67 180 1 -12 | Slabls.

8-14-62| 23 | Cphera with fance 2.8 160 2 - 9 | Mode! rode a 1ittle rough in waxe;
atable; a0 roll,

8-14-82 | a4 | Sphere with tence ns 180 t - 8 | Mode! stable; no roll,

G-14-02] 25 | Sphere with fence 3.98 180 1«9 AtLd=1.%and7 -8, model
atable; ul 44 - 4.6, coning 10-da.
groes; lost modelat M = 4, 68; cable
broke at paylond when normal shock
wunt Liurough,

6-14-02| 44 80-degree Alrmal cono 2.4 1%0 3 - 12 | Model atable: no roll.

6-18-62| 2T | B0-degree Alrmal cone a.s 150 1 - 12 | Cone rode rough at £/d =1, 2; smooth
ride at £/d = 3-12.

6-15.62 28 80-degree Alrmat cone 4.85 150 1 - 8 | Stable; no roll

6-15-62] 29 T8-degree cane balloan 1.5 250 1 - 8 | Stable; zero rall; zero coning.

with fence

6-15-62 0 ‘78-degree cone balloon 3.8 250 1 -8 | Stable.

with fence

8-15-82| 31 T8-degree cone ballonn 3.08 250 1 - 8 | Stavle.

with fence

6-i5.62 3z T5-degree cone ballonn 4.65 250 1 . 8 | Stable.

with fence

6-15.62| 33 | T5-degroe Ballute with 3.98 250 1 - 2 | stable.

aide inlet

6-15.62| 34 15-degree Ballute with 4.65 250 { - 8 | Stable,

side inlets

6-18-63| 35 | 15-degree Ballute with 2.50 50 1 - 8 | Stable.

side inlets

6-18.62| 36 | 75-degree Ballute with 1.5 250 1« 9 | Stable.

siic inlets

*Stable model performance 1 defined as visual observation of oscillatory coning less than 2 degrees.
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Table 9. Log Sheet of Supersonic Tests (Continued)

DYNAMIC

RUN MACH PRESSURE
DATE NO, MODEL NO, (Wu/1t8) ¥/ PERFORMANCE *
6-18-63 | N 80-degree Ballute with 2.8 50 1 Inlels misaligned; model rolled,
side inlcta
6-18-62 | 38 | 8u.degreefiallute with 2.6 250 < | Mode! swivet removed; inlels mis-
fonce and side inlets aligned; model rolled slightly,
6-18-63 | 30 80-degree Ballute with 2.8 250 2 - 9| Riahle; zero roll; gore coning.
fence and side inlete
6-18-62 | 40 | 80-degree Ballute with 38 250 3 - 9| Stable.
fence and side inlets
6-18-63 | 41 80-degree Ballute with 3,80 a50 2 - 9| Stable,
fence and side Inleta
8-18-82 | 42 | BU-degree Ballute with 4.06 250 4 - 8| Btable.
fonce aixi side inlota

*Stablo model porformance ia defined as visual chacrvation of osctllatory coning less than 2 degrees.

During the series of tests in test section 1, runs 1 through 17 (Mach 1,64 to 2.75), it was
evident that most models of the preinflated sphere, hemisphere, and cone models performed in a
satisfactory manner. Drag coefficlent data were obtained at various Mach numbers and at various
£/d ratios itow=-line length divided by payload diameter). Schlieren still photographs and schlferen
high-speed (1100 frames per second) movios wore tuken during the tests (see Figures 88 through
89). These schlieren stills were used to observe the supersonic flow patterns and to check the shape
stability of the models under load.

Shape stability was verified by scaling the near optically-perfect achlieren photographs.
These closed pressure-ves&ol models wero not pressurized excessively for shape stability. The
plan followed during the tests was to provide only enough internal inflating pressure to avoid wrink-
ling. The 80-degree Airmat cone and the hemisphere nose shapes did not change under load. The
78-degree cone balloon and the sphere did change shapes (see Figures 88 and 47). The apex anglo of
the conc balloon model wus constructed to 76 dogrees. Vinder load however, the apex angle was ap-
proximately 60 degreos.

The following reaults were obtained during this first series of tests of preinfiated models:

(1) Drag values obtained with cones are higher than sphores and hemispheres.

(2) A towed 80-dogrce cone performs in a stable manner (little or na coning).

(3) A towed 100-degree cone i8 unstable (violent pitching and coning greater than 10
degrees).

The ram-air Ballute models with open [ront inlets did not perform in a satisfactory manner.
Most of these models experienced excessive coning and fabric flutter. Some of these models ex-
perienced high spin rates, All models subsequently experienced structural failure at the aft end, It
waa clear after a review of the high-speed asclilferen movies that a pulsating maas flow or buzzing
phenomenon existed which caused model shape changes and excessive atructural oscillatory loading
at a rate of approximately 70 cycles per second.

Prior to the scheduled test section 2 tests (Mach 2.5 to 4.65), a combined ''in house" aero-
dynamic, structural, and design study was conducted. In addition consulting services were utilized.
The detalls of this investigation are presented in Appendix 1. Analytical studies and experimental
water table teats were conducted. The net result of this investigation was reflected in model modi-
fications as follows;

(1) Provide a reed valve assembly type front inlet.

(2) Provide a screened type front inlet.
(3) Provide side inlets.
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The 80~degree Ballute model with screened or reed valve front inlets wag the firat tested in
test section 2 (test runs 18 and 18), ‘I'he model performed in a stabie manver although it did not fully
inflate and experienced a high apin rate. A review of the schlieren still photographs and high-speed
sciilieren movies showed the following:

{1) The modol apex angle was botween 63 and 68 degrees.

{2) The model experienced no mass flow pulsations with the reed iniet.

(8) The model exporioncod glight mass flow pulsations with the screened inlet.
(4) The model experienced no significant shape change.

The final series of tests in test sect 2 (Runs 23 through 42) consisted of three preinflated
model types and three ram-air Ballute model types. :

All preinflated modols performed in a satisfactory manner. The 75-degree Ballute with the
8. 3-percent fence and screened inlet and the B0-degree Ballute with the 3. B-percent fence and
screened side inlets also performed in a satisiactory manner. Bota models remained motionless
(no coning, no roll) in their towed positions during the teat runs. A review of the high-speed
schlieren movies revealed good shape stability and a complete absenco of any mass flow pulsations.
Internal static pressure readings were taken in the 75-degree Ballute model, utilizing a mercury
manometer tube. A pressure transducer was used to measure the internal pressure pulsing magni-
tude and frequency of the 80-degree Ballute model. The output from tha traneducer was recorded on
a visicorder type oscillograph. There was no measurahle pulsing feam the oacillagraph tearn,

C. SUMMARY OF RESULTS,

Figures 70 through 81 show the acrodynamic drag results. Drag coefficients were based on
the fully inflated model design diameter of either 7 or 8 inches. The burble fence nutslde diamatars
were greater than treir respective inflated design diameters. The rated size of a burble fence, for
example a 3.9-percent fence, was based on the fence height divided by the model diameter. Note
the hysteresis effect of the drag data in Figures 75 through 78. As the decelerator mode! is removed
alt away from the forebody, the abrupt Cp change occurs at a larger £/d than when the decelerator
is moved forward toward the forebody. At a small £/d (see Figure 88) the decelerator is in a diver-
asnt wake of the forebody with a corresponding low Cp). As the decelerator is moved aft, the diver-
gent wake flow pattern of the forebody suddenly trips and changes tc a convergent wake fiow pattern
normally experienced by a body in & {ree stream without being {nfluenced by a trailing body. The
corresponding higher Cp is obtained since decelerator is aft of this wake. Starting from a large £/d
(see Figure 68), the forebody wuke flow pattern i convergeni. As the decelerator is moved forward,
the wake flow pattern change from convergent to divergent is delayed and occurs at a smaller £/d.
This tripping of the wake flow paitern at a amaller £/d occurs because of the larger pressure energy
requirements to disturb the normal convergent wake pattern. This hysteresis effect Is also shown in
References 24, 25, and 26. The internal atatic pressure results taken during test runs 33, 34, 36,
and 368 are shown in Figure 82. The results were corrolated through tho use of two ratios:

Py/P, and /4
where
Py = the inside atatic pressure
Px = the free stream static pressure
£ = the distance from the Ballute to the forebody
d = thc diameter of the forebody.

The magnitude of these ratios can be expla'ned as being due to the presence of a combination of an
oblique shock at the tip of the Ballute, and normal shocks at the side inlets.

To verify this explanation, theoretical predictions of the recovery ratios were made utiliz-
ing inviscid conical flow theory and taking into account the presenca of both types of shocks. And,
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as indicated by the graph, the theoretical resulta were close to, although higher than, the experi-
mental rosults.

In summary the most aignificant resulis of all the supersonic tests are as follows:

{1) Dallute models with side ram-air inlets do inflate fully and have drag values equivalent
to preinflated models.

(2) Ballute modols with side inlets are stable in their towed position (no coning, no roll,
no fabrie flutter),

(3) Good ram-air Internal pressure readings were taken which will provide useful informa-
tion for structural design.

(4) Burble fences increase the drag values.

(5) Conical-shaped models have higher drag values than spherical or hemigpherical.
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Figure 87. Typical Supersonic Wind Tunnel Installation
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Figure 58. Bupersonic Wind Tunnel Support Systems
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Figure 83. Preinflated Sample Supersonic Wind Tunnel Test Models
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Figure 64. Ram-Air S8ample Supersonic Wind Tunnel Test Models
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Figure 65. Detailed Sketches of Typlical Ballute Models
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Figuie 86, Schlleren Photograph of Sphere
with 6.35-Fence at M = 3.8

Figure 68. Schlieren Photograph of Sphere
with 8. 25-Fence at M = 2.87
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Figure 87. Schlisren Photograph of 76-Degree

Cone Balloonat M = 2,87

Figure 89. Schlieren Photograph of 80-Degree
Ram-Air BalluteatM = 2.5
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Figure 70. Effect of the Tow-Csble Length on the Drag Coefficient of a Sphere with 8. 25-Percent
Fence, 75-Degree Cone Balloon, and 80-Degree Alrmat Cone behind the Forebody
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SECTION §
HYPERSONIC WIND TUNNEL TESTS

A. GENERAL

The tests were conducted in the Arnold Von-Kdrmdn, tunnel "C", at Arnold Alr Force Sta-
tion, Tennessee, The purpose of these tests was to obtain drag, preasure distribution, and heat
transfer measurements of towed decelerators,

1, Description of Von-Kdrman Tunnei "'C"

The 50-inch Mach 10 tunnel is a continuous-flow, variable-density, hypersonic wind tunnel
with a 80-inch-diameter tost section. Because of changes in boundary layer thickness caused by
changing pressure lovel, the Mach 10 contoured nozzle produces an average test section Mach num-
ber which varies from 10 at a stagnation pressure of 200 psin to 10.2 at 3000 psia. The centerline
tlow distribution is uniform within about 0.5 percent in Mach number. There i8 a slight actual gra-
dient on the order of 0, 01 Mach number per foot. The unique feature of the 50-Inch Mach 10 tunnel
is the model inatallation chamber below the test section which allows the entire pitch mechanisms
(sting and model) to be raised into and lowered out of the tunnol. When the model i8 in the retractive
position, the fairing doors and the safety doors can bw viusud alluwing entrance to the tank for model
changes while the tunnel is running. When the model Is in the test section, valy the fairing doors
are closed leaving the tank at static prosaura. Stagnation prossurcs of up to approximately 2000 paia
are supplied through the 00-inch Mach 10 tunnel, The air is selectively valved through the compres-
aor plant high-preasura dryers and the propane-fired heater, which ralses the air temperature to a
maximum of 800°F, The heated air then enters the electric heater, which increases the air temper-
ature to a maximum of 1460°F, sufficient to prevent liquification of the air In the test saection. From
the electric heater the air flows through the nozzle, the diffuscr, the cooler and back into the com-
pressor system, For more detailed tunnel information see References 16 and 21.

2. Description of Test Setup and Models
The basic external geometry for all Ballute models 18 shown in Figure 83.

The heat transfor model was fabricated from Type 321 stainless steel (see Figure 84) and
was formed by the spinning process. The skin thickness varied from 0.060 to 0. 064 inch. Nineteen
ther mocouples wero spot-welded on the interior surface and were located as shown in Figurg 83,

Two thermocouples were alse mountesd inside the model to measure the internal amblont temperature,

The pressure model was fabsicated from Type 321 stalnless steol (Seo Figure 85) and was
instrumented with 17 static orifices or. the surface as shown in Figure 83 and one internal orifice
for measuring the internal model pressure,

Flexible drag models were iubricaied from Rend 41 cloth. The seams of the model wero
joined by spot welding, and the model was impregnated with a high-temperature ailicciie ceramic
elastomer to obtain an essentially gas-tight cloth. tor added strength, cight lungliudinal cables
were connected from the nozzle to the base plate. A partially inf{lated Ballute 18 shown in Figure 86,

The basic inlet configuration is shown in Figure 87. This lnlet was tested on the pressure
model with screens covering the inlet alots, with reed valves (screen removed), and with open slots.
In addition to the basic inlet, two types of total head inflating probes were used with the flexible
models as shown in Figure 88.

The models were supported by the strut assembly as shown in Figures 80 and 90. The
leading edges of the vertical sections and the sides and top of the horizontal section were water-
cooled. The flexible drag models were connected to a 3/32-inch-diameter Rene”cable which was
routed around pulley wheels inside the strut. The cable could be extended or retracted by means of

ASD-TDR-62-702 Pt I 73



Figure 83. Ballute Qeometry, Thermal and Pressure Tap Locations

& hydraulic cylinder which was mounted in the bottom portion of the strut. The pressure and heat
transfer models were supported with a 1, 75-inch~-diameter sting a8 shown in Figure 81. Alao,by
means of a collet-type sting, which replaces the hemispherical cover, the sting length of the heat
transfer and pressure models could be adjusted aa desired. Figure 91 is an installation of the pres-
sure model. Figures 92 and 93 show the support atrut.

3. Pressure Model Instrumentation

The pressure data system consists basically of nine channels, each of which is time-shared
butween 11 model orificea by means of 12-position Giannini pressure switching valves. The total
capability is 80 model measuremonts, with the first position of each pressure switching valve being
used for transducer calibration.

Each channel includes two pressure measuring transducers (referenced to hard vacuum).
The two measuring transducers, a +1 paid unit and a 0 to 15 peid unit, are switched in and out of
the system automatically to allow measuring to the best available precision. If the sensed pressure
level is above 15 psia, the reforonce side of the 15-psid transducer is vented to atmosphere to ex-
tend the measuring range.

The measuring system is of the Wiancko frequency modulation type. Precision frequency
modulation oscillators, frequency multipliers, binary courters, and a time base generator operate
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Figure 86. Pariially Inflated Ballute
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Figure 91. Pressure Model in Tunnel Installation Chamber

in conjunction with the transducers to obtain a differential count of 10,000. The resulting resolution
18 0.0002 psi for the 1-psi transducer and 0. 0015 psi for the 15-psid transducers. The accumulated
count i8 stored in the binary counters, read out serially by the ERA scanner and punched on paper

tape.

The Pg sysiem contains two channels of frequency modulation pressure instrumentation,
one with a range of 0 to 500 psia and the other with a range of 0 to 3500 psia.
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Figure 93.
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Tahly 10. Yog Sheet of Mach 10 (20.187) Tests

N TYPE TRAILING RESULTS AND/OR
DATE TYPE PAYLOAD MODEL PURPOSE | DATA OBTAINED
11.0-61 1 | 8. dia Prossura with 1204 80| 204 |a. 17 T [Pretiminary | Pressure distribution
conical plugged readingw tuken; tuanel
tnlat heater not working
properly
] Pressure with 1190 ] 956 207 ja. 1 8 jPreliminary ;
reed valve inlet
3 1246 ) 943] 279 ) 3,47 ® iCantract Pressure distribution
iata readings taken; tunnel
hester not working
properly. S8till shadow-
Rraph photo taken,

4 ‘ 1487|1418 314 | 1.80 ] Pressuro distribution
readings tuken: tralling
model in payload wake;
intornal pressure less
than all externa! noae
pressures,

11-9-81 B8 |2-in, din 14023 )1308) 312 1.86 11
11-10-81] 8 | 2-in, din 1458 14238 312 ] 1. 77 18

T 1 3in dia 140211418 313} 1.79 | 13

8 | d-in, dia 1007 {1447 428 | 2,40 12 {Contract

dats

9 |2-in.dia with 18 ) Fressure with 14241356 307 | 1.88 | 18 |Attempt wake

amall balls reod valve intet closure
attached
11-10-81| 10 | 3-in.din with Pivaiuro with 1464 11430 33 L.7B 18 |Atlempt wako
hoat tall ruvd valve inlot clnsure
11-10-61 ] 11 | 2-in.dia with boat | Pressure with 235 | 1937(63. 3] 0.348 1P {Contract data
tall conical plugged
inlet

12 418 (1311}93.1 [ O, b6} 18

13 730 |1004] 128 0,043 18

14 11451300} 240] 143 18

18 | 2-in. dia with Preasurce with 1403 [1418) 3t4) 1.70] 18 [Conteact data

boat tafl coniral plugged
inlel
14 | 3.4, dia with aft | Presaure with 1402)1424] 12 1791 12 lAitampt wake
acopo (13 flaps) | reed valve inlet cloaure
11-10-081 17 | 3-in. dla with aft 146211427 M3 1.77¢ 13 |Atlompt wake| Prosaure distribution
scopa (20 {lapa) closure reuding laken; tratling
maodel in payload wake;
internal preasure lesn
than all external nose
pressures.
11-11-81] is | 2-in. dla with Tomperalure with] 238(12067| --+| 0.36* 18 [Contract Tomperature dintribu-
boat tail conical plugged data tion readings taken for
inlpt 12,8 weconds.

19 3361320 ---| 089 18 Ropoat of run 16; §

neconda of data,
20 400/1264] ---| 0.60% 18 Temperaturs distribu.
tion readings taken for
8.9 seconda
11.11-61( 31 | 2<in, din with Temperature with| 559013254 ---] -- 18 |Contract Temperature distribu.
boat tail conical plugged data tion readinga for' 8.9
inlet seconds.
f1-11-61| 33 | 2-in. Sz with Toemperature with| 879[1325| ---| 0.96% 18 [Contract Repeat of run 31.
Hoat takl canical plugged duta
inlet ‘
a 1095 1381] ---| 1.449 18 Temperature distribu-
tion readings for 6.9
1 seconds.
‘Nominal valuen _
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Table 10. Log Sheet of Mach 10 (£0.187) Tests (Continued)

RUN TYPETRAUWANG | vg | T8 | Q IRN/ H RESULTS AND/OR
DATE { NO, | TYPE PAYLOAD MODEL ped) | (0P (pat)]x 10-8] £/d| PURPOSBE | DATA OBTAINED
11-11-61] 24 |2-in. dia with s lma] - | - 18 [Contracl Temperature d(utrirhu-r
boat tail data tion readings for 6.0
‘ Recontn,

26 ‘ Temperature with Repeat of run 24,
conical plugged
lnlut

11-11-61] 36 | 2-in, dia with Bladder inflated 51380 | 185 | 0,98 [8.38 [Contract Model in tunnel 8. 2
boat tail 80° Datlute (cloth ata seconds; Cp = 0. 328;
A) model was stable,
11-16-61] 37 | No payload Pressuro with 230811238 |33.5 | 0.347| <<« Comparalive | Pressure diatrubutlon
conical plugged data readings taken; still
I inlet shadow graghs takun,

-] 416 11300 |92.0 | 0.870] ---

1] 1715|1360 [165.0{ 0,926 ---

) Pressure with 1496114881 Y1} 1,75 | - omparative | Pressure distribution
conieal plugged data readings {aken; still
inlet shadow graphs tuken,

3 Pressure with 14641440 ) 32| 1.78 | --- Komtract Presasure distrihution
reed inlet data readings taken; both

slitl and movie shadow
grapha taken,
11-16-01] 32 | No payload Proasure with rasg 14y M} 18 IContract
open inlet rlatn
11-16-81] 3% | No paylond Promsure with 1467 (1420 | 314 | 1,78 | ~u- Pressure distribution
sereoned {nlet readingu taken; atill
shadow graphs taken,

M Droxsure with 1466 11423} 313 ] 1,70 | --- Pressuro distribution

roed lolet readinous taken; both
still and movio shudow
grapha taken.

k1) Tomperature with] 2315|1330 ] --- | 0.38%| --- Temporalure roadings
conieal pluggod taken for 7 seconds,
inlnt

L] 4106|1280 ¢ --- | 0.00%} ~--

37 MOPI340 | --- | 0. 088 -

‘ 38 1140 (1380 | - 1449 ==
11-16-61| 39 | No payloud Temperatureo with| 1465 (1420 { --- | 1.30¢) --- 1Coniract Tomperature readings
conieal plugged data taken for 7 seconda,
slul
11-28-61| 40 | 2-in. dia wilh Nluddor Influted | 1468 | 1400 1 313 | 1,87 (4-18 [Contract Moriel in tunnel 74
boat tall 800 Ballute ) sacanda; fully inflated;
{clath B) peak temperature of
aloth- 1008°F; Cp
varijed 0. 38 to 0. 83;
model atable; movles
taken.

41 807 Dallute with | 14731428} 313 | 1,78 | ~-- Model aft and ruptured

tront inlets after 3 sccondn;
{cloth A) mnovies taken.
11-28-81 | 42 | 2-in. dla with 800 Ballute with TI31378 | 193 (0. 780 | 6-9 (Conteact Model s tunnel 17,2
boat tall sido fnlets data seconds; model fully
{cloth A) inflated; stablo; C,
varjed 0. 40 to 0. 63;
maovies laken.
11-28-61] 43 | 2-in. dia wilh 80° Rallute with 715 (3364 | 153 (0.920 | ~-- [Contract Used run 42 modol;
boat tail side inlets daia model aft end ruptured
{cloth A) afier 1 second.
11-28-61 { 44 | 2-in. dla wirhi 80" Bullute with | 714{1380| 153 {0.817 { 1-B |Contract Modol fully inflated:
boat tafl side inivts data stable; Cp varied 0. 33
(cluth A) to 0. 48; model aft end
ruptured after 49.3
ascconds.
*Nomtnal values
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4. Temperature Mode! Instrumentation

The reference junction of each thermocouple was malntalned at 132°F, Each thermocouple
output was recorded in digital form: on magnetie tape at a rate of 20 times per second by means of a
Beckman 210 analog-to-digital converter. To monitor the temperatures at sclected points on the
models, nine of the thermocouple outpuls were also recurded vn stelp charts by 0. 25-second {full-
scale travel) Brown sorvo-potentiometers.

5. Drag Model Instrumentation

A strain drae Uak furnished hy GAC was used for drag measurements on the {lexible models,

The drag link was instrumented with two strain-gage bridges and mounted on the hydraulic cyvlinder
piston rod. Pawer to the strain-gage bridges was supplicd froin a 400-cps carrier system, QOutput
from one of the bridges was measured with a null-balance servo-potentiometer wiih & siift position-
ing digitizer for recording on punched paper tape; the other strain-gage output was measured with a
galvanometer-type oscillograph (visicorder). A cable positioning potentiometer was also mounted
inside the strut assembly., Output from this potentiometer was alsn measured with the servo-poten-
tiometer and visicorder.

8. Tesat Procedure

The tests were conducted aa shown in Table 10. Figures 94, 95, and 98 show the inflated
80-doyren Ballute models during the test runs.

Pressure dotn was obtained at various distances behind the forebody, and heat transfer datn
was obtained at an £/d of 18. All data was obtained at z¢ro-degree ungle of atincl, and Reynoids
number range covered was from 0.36 x 108 to 1,80 x 108 per foot. The forebody and strut assembly
were removed, and additional heat transfer and pressure dala were ubtained over the same Reynolds
number range.

The flexible models were tnstalled as shown in Figure 80 and injected into the tunnel at the
minimum desired #/d. The cable was then oxtended, and drag measurements were obtalned over the
desired 4/d range. Some of the flexible mudels were proinflated with a ncoprene bladder (Figure 06);
other mudels were inflatod with the ram-air devices shown in Figures 94 and 95, In order to koep
the models relotively stable during the injection, a restraining eable was loosely connected from the
model base to the hemispherical cover,

B. DISCUSSION OF RESULTS AND CONCLUSIONS

The prussure tust vusulls divw bliowa o Flgures €7 through 103, Notc that Figure 103 pre-
gents a comparison of free-stream inviscid flow theory pressure distribution data and the actual
wind tunnel pressure distribution data. The temperature test results are shown in Figures 104 and
108. Transient temperature distritutions on the heat transfer model were recorded; computer re-
duction of this datu with the total temperature of the gir stream produced the heat transfer coeffi-
clent distribution. The drag test results of the inflatable metal cloth 80-degree Ballute models are
ahown in Table 10, tost runs 26, 40, 41, 42, 43, and 44, and in Figures 108 and 107.

During the pressure testa the pressure distribution data indicated that the nose of the Bal-
lute model was in an expanding wake of the payload from £/d of zero back to £/d's of 18. During this
test period it was not clear why forebody hypersonic wake phenomenon differed from supersonic wake
phenomenon. Test runs 8, 10, 18, and 17 werc unsuccessful attempts to collapse the wake. After
these tests References 37 and 28 secame available, and the following information obtained from these
references is an {ndication of the phenomenon that may have occurred during these tests.

The shape of a hypersonic forebody wake depends on shape of the body in flow, but some
features are typical for wakes in general. There is indication that each wake has a "neck' immedi-
ately behind the body where transition occurs. Air particles moving in the streamline above the stag-
nation streamline are decelerated and compressed at the neck. It is a region of narrow turbulence
around the wake axis. This regiun has a tendency to spread out by engulfing the surrounding gas.

The important [act is that the lnner wake 18 growing because of mixing and f{alling static
pressure, thus the flow field is expanding. At some distance downstream, a process of diffusion
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Figurc 94, Eighty-Degree Ballute Model at Tg - 14280F
during Test Run (Front Inlets)

Flpnes 85 Eighty-Degree Nallute Made! at Ty = 137591
during Test Run (Side Inlets)

" Flirure 96, Eighty-Depree Ballute Model at Tg = 1400°F
during Test Run (Bladder Inflated)
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between the outer and inner wakes takes place, References 27 and 28 indlcate that the diffusion oc-
curs (25 to 50 diameters in a case of a baill), when turbuleat, hot inner wake pouetrates colder,

denser outer wake.

The length and widtli of the wake arc significant, especially if there is ancther body trailing
the body which generutes the wake. Problems of interferenco, drag variation, and drag hysteresis
depend on behavior of the wake. Studies of the wakes, mainly in supersonic and hypersonic regions,
are not complece, but the folluwing {8 indicated by Reference 27. The relation of trail width (in ball
diameters) to trail length (in ball diameters) is represented by a curve of the form (atmospheric

preasure data):
2

where:
A4 = trail length

Dg = trail width

At iransitlon polnt (For £; > B80) 1/3 power law i8 recommended.

Roth the side inlet inflation tube Ballute models and the bladder preinflated Ballute modela
periormed in a satisfactory manner. Both types of configurations were fully inflated wnd were ox-
ceptionally stable in their towed position, A review of the high-speed movies of Lhe test runs (1100
frames per socond) roaffirmed this fact. ‘There was nu coning or roll of the model. In addition there
was no indication of air mass pulsations of the self~influtud models. The review of the pressure dis-
tribution data was made with the tollowing conclusions:

(1) There 18 no pronounced effect in pressure distributicn above the critical Reynold's num-
ber of approximately 500,000. Below this value the local pressure decroages with de-
creasing Reynolds' number,

(3) There 18 no pronounced effect in pressure distribution over the £/d range tested.
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Figure 97. Ballute Pressure Tap Locations
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SECTION 6
MATERIALS INVESTIGATION

A. INTRODUCTION
1. Revlew of Available Materials

At the initiation of this program an investigation was conducted to appralsc the state-of-the
art of materials applicable to the Ballute onvironment. The primary environment congidered was
temperature; this was set at a maximum of 15000F, The materinl selected had to exhibit structural
strength nt this temperature.

The design criteria dictated that the material must nlso be flexible, permitting the structure
to be packaged in small containers and subsequently deployed without damage to the material.

The third criteria demanded that the Balluie be capable of containing its pressurizing gas
so that its shape conld i maintained. In the case of the ram-air type of design, this criteria is not
a8 critieal.

Consldering the above criterin, it was considered that a woven cloth would be required for
the structural material. This type of malertul exhibits considerably more flexibility than does a
sheet matertal, in ordor to approach the temperuture requirement, it was evident that a super-alloy
material would be requlred.

High-temperature metal ¢loths had previously been developed at GAC. Cloths woven of
Rend 41 wire, 0, 0018 inch in diameter and 200 wires per inch in both the warp and 11l directions
had previously been woven and evaluated. This cloth was not considered {o be of sufficient weight
and strength for the Ballute, however. Thus the exiating material required advancement of cloth
sirength hy weaving of heavier cloths, 'This involves decroasing flexiblMty. To alleviate this
problem, weaving of stranded wire eloth instead of single wire cloth was Investigated and incor-
porated into the program. Review of previocus GAC developments on high-temperature coatings for
metal cloths led to the selection of the GAC, C8-105 coating materfal. This coating is flexible at
room temperature and exhibits gna tightness properties at the higher temperatures.

The hasie fngredients in C8-100 are siltcone elastomer and glass frits, CS-105has 100 grams of
$2077 and 100 grams of AW35, 82077 18 the elastomer made by Dow-Corning Corporation. and AW35is
the glass frit made by Harshaw Chemical Company . The C8- 100 caatbing acls and feels Hkeastllicone
elastomer at room temperature, Asthe temperature I8 raised, athermal decomponiton of the elastomer
and a fusing of the glass frit oceur. The rate of decompositon is a time-temperature phenomenon that
progresses slowly al 800°F and increases as the temperature rises. The glass frit fuses before ex-
cessive decomposition of the silicone elastomer has taken place forming an adequate gas barrier.

Advanced development work on C8-105 coating was accomplished under GAC development
projecta. Thus any development work on coating material was not incorporated into this program.
As CS-105 coating had not previously heen applicd to cloth designs used in this program, a minor
effort was planned to evaluate coating applicability.

2. Formulation of Work Outline

Considering the presently available materials and the design requirements a work outline
was formulated as follows:

a. Material Procurement. This work involved obtaining stronger but still flexible metal cloths
woven of Rene 41 wire. Procurement of Rend€ 41 cable was algo a requirement. For model work
some stainless steel cloth was required.

b. Material Evaluation. The material obtained under item a was evaluated by testing at GAC. In
addition a coating evaluation was performed to determine the coating adaptability to the new cloths.
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<. WelcunE !nvestiF-nthn. Since the fabrication of models and {ull-scale Ballutes required a num-
ber of gorcs be joined together, n welding inveatigation was initiated to determine the welding criteria
that would result in the highest joint efficiency.

d. Fabrication Investigation. Since the actual fabrication of a doubly curved Ballule presented a
number of problemis, it was considered desirable to first fabricate n 36-inch diameter model Ballute
to check out detail processes. At the same time processes were developed for fabrication of the
smaller wind tunnel models.

B. MATERIAL PROCUREMENT

1t had previously been determined that a stronger cloth than the available Rene cloth was
required for this program. The available cloth was woven of 0. 016-inch-diameter Rend wire and
200 x 200 wires per inch. The possibility of weaving Rend cloth to stainless steel fine wire tight-
ness standards was investigated as a method of increasing the cloth strength.

The ability of a weaver to pack a larger diameter wire or more wires of the same diameter
into a clath is mainly dependent upon the softness of the wire. Stainless steel wire commonly used
in weaving ia “'soft annealed' and has an ultimate strength of around 120, 000 psi. Anncaled Rend
wire has an ultimate strength of about 180, 000 psi. ‘Thus it was apparent that the Rend weaving
wire is somewhat ''‘narder' than stainless steel weaving wire and that difficulty might be encountered
in weaving Rond wire to stainless steel tightneas standards.

The stainless steel standard cloth design of 0, 0021-inch-diameter wires and 200 x 200 wires
per inch was selected as the standard for weaving wilth Rend wire, The streongth of this cloth woven
of Rene wire would theoretically be increased 1.75 times over the previously woven Ren€ cloth, A
weaving program was established to determine the practicality of weaving this item. This item was
designated cloth A.

As 1t was considered desirable to further inerease the cloth strength and to Reep flexihility
reasonable, a stranded wire cloth design was originated. The strand conglsts of alx wires wound
around a center wire for a total of seven wires, The design selected consfsated of 0.0016- neh-din-
meter wires stranded together, These strands were to bhe woven 100 X 100 per inch. The strength of
thig cloth woven of Rend wire would theoreticully be inereased 3. 50 times over the previously woven
René cloth and 2. 00 times over cloth A, This item was designated cloth B and a weaving program
initiated. Cloth B was woven successfully after proper loom adjustments were made, The strand
ured has a theoretical dinmeter of 0. 048 inch (3 x 0.0018) and the stainless steel single wire for 100
x 100 mesh {8 0. 0045, Thus it 8 apparent, at least in (his case. thit when using st anded Rend whe,
weaving can he accomplished with stalnless steel standards. Cluth A, however, using single wire
could not be successiully woven ta stainless steel standards.

The Rene’ wire used was procured from Hoskins Manufacturing Company. The weaving and
stranding subcontract was performed by National Standiard Company. Weaving was accomphished on
conventional wire weaving loowns. Considerable adjustment of the loom was required before satis-
factory material was uchleved. These loom adjustments were typical of the weaving industry and are
formulated by experlenced loom operators, Stranding was accomplished on conventional eabling
equipment. This equipment {8 satisfactory although slow when using finer wires.

The weaviug of cloth A proved to be most diffienlt. Sufficient quantities of “good” cloth wire
wire obtained to perform strengthevaluations and (o build wind tunne! Ballute models. Tt 18 not con-
sidered practical, llowever, to weave this particular cloth design to specifications required for produc-
tioncloth. ‘I'nus it is further concluded that 1t s not practical to weave Rend wire to standards of stainless
steel wirce.

, In connection with the weaving of cloth A, considerable Investigation of the uniformity of the
Ren€ wire was performed. It was concludedthat as Rend is considered difficult 1o draw the wire
uniformity 18 less than oltained with stiinless steel andthat this couldbe a major factor inthe weaving
ditticulty.
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The weaving of cloth B can be considered practieal in production. Sufficient quantity of
cloth was abtained to perform strength evaluntions and to build wind tunnel Ballute models. Evalua-
tion of the stranded cloth indicuted that the theoretical strength estimates were achieved, Tear test
ovaluation showed this type of cloth to be greatly superior to monofilament cloth, Thus cloth Bin
recommended for future weaving programas.

C. MATERIAL EVALUATION

Cloth A and cloth B were evaluated for strength and stiffness characteristics. Tests were
performed on the unwoven wire, the unwoven strand for cloth B, and on the woven cloth in both warp
and fill directions. Effictencies of the strand and cloth were caleulated using the unwoven wire as
100 percent. This calculation shows the loss of streagth and stiffnegs due to weaving,

Stress-sirain vui ves were pitfled showing the relationship in stiffness of the unwoven wire,
strand, and woven cloth in both warp and i1l directions,

In addition to the evaluation of cloth A and cloth B, three other evaluations were performed
as follows:

(1) The Rend 41 cable was checked for the specification strength requirement and reported,

(2) The stainless steel cloth purchased for the three-foot modei fabrication was tested to
obtain tensile strength in the warp and fill direction.

(3) The evaluation of the CS=105 couting when applied to the new clothg A and B is also
reported,

The five evaluations Hated are summarized in the following test reports,
1. Cloth A Evaluation
Cloth A 15 woven of 0. 0021 -inch-diumeter wires and has a mesh of 200 per inch in both

warp and fill. Test conditions are presented in Table 11, Test specimensg were notehed and torn;
all wires were continuous,

Table 11, Cloth A Evaluation Test Conditions (fnstron Machine)

S CROSSHEAD SPEED
LE:.:((-;’%H (Inches. Minute)
{Inchey) FIRST 3 MINUTES AFEUR 3 MINUTLS
o 2 0.02¢ 0.20%¢
; 6 0.08¢ ¢, 20
10 0.10* 1.00
14 0.14¢ 1.00
18 0.18* 1.00
GAGE
. LENGTH CROSSHEAD SPEED
* (Inches) (Inches ‘Minute)
E 2 0.05
3 4 0.10
6 0.15
8 0. 20
*1.0 Percent ‘Minute Strain
**10 Percent “Minute Strain Temperature = 730F
#++Specimen Width = 1 Inch, Relative Humidity = 50 percent
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Tests were performed on the wire used in weaving. All samples were obtained from the
same spool, and 25 were tested in tension. Ultimate tensile strength, yleld atrength, modulus of
alasticity, and percent olongation at iatlure are reported in Table 12,

Table 12, 0.0021-Inch-Diameter Rene’Wire Tensile Tests

LOAD LOAD STRESS STRESS | MODULUS OF
ULTIMATE | YIELD ULTIMATE | YIELD | ELASTICITY ELONGATION

SPECIMENS | (Pounds) (Pounds) (pal) ®s) | (e x 108 in pai) {Percent)
21 0. 579 0. 366 168, 000 103, 000 28 27
22 0. 386 0.3855 170, 000 103, 000 27 28
23 0.588 0.362 170, 000 105, 000 23 28
24 0. 588 0. 366 170, 000 103, 000 26 28
26 0. 588 0.359 | 170,000 | 104, 000 26 28
Avg 0. 586 0. 357 170, 000 104, 000 26 28
81 0. 578 0. 368 168, 000 103, 000 29 28
02 0.582 0, 350 169, 000 104, 000 29 27
63 0.583 0. 359 169, 000 104, 000 28 28
64 0.58% 0. 365 189, 00 103, 000 29 24
N 85 1 0. 681 1. 0_ y59 ) !88. 000_ | 104, 000 28 217
Avg 0. 681 0. 358 168, 000 104, 000 28 28
101 0.578 0.358 168, 000 104, 000 28 27
102 0. 686 0. 352 170, 000 102, 000 30 28
103 0. 586 0.362 170, 000 102, 000 30 20
104 Jaw Brogal - -~ -- .- --
105 0, h84 0,350 169, 000 104, 000 29 28
Avg 0. 5483 0. 358 169, 000 108, 000 20 28
14 0,579 0. 359 168, 000 104, 000 30 26
142 0. 6582 0. 368 169, vV lvd, 000 29 28
143 0. 682 0.3569 169, 000 104, 000 27 26
144 U, b83 0.348 158, 000 104, 000 30 2R
145 0.579 0.359 188, 000 104, 000 30 21
Avg 0. 581 0. 359 169, 000 104, 000 29 27
181 0. 581 0,368 170, CO0 104, 000 30 28
182 0. 580 0. 358 168, 000 103, 000 30 20
183 0.581 0. 355 169, 000 103, 000 20 18
184 0.581 0.350 189, 000 103, 000 29 19
185 0. 543 0.35%8 169, 000 104, 000 30 19
Avg 0.581 0. 3567 169, 000 103, 000 30 21
Total 0.582 0.357 169, 000 104, 000 28 28

NOTE: Specimens coded as follows:
101 - 10-inch gage length specimen No. 1.

Tensile tests were performed on the woven cloth  Twenty sperimens were tested in the warp

direction, and 20 specimens were tested in the {ill direction. Ultimate tensile streugth, yield
strength, modulus of elasticity and percent elongation at fatlure are reported in Tables 13 and 14,
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Table 13. Cloth A Breaking Testa (Warp Direction)

LOAD LOAD MODULUS OF STRESS |STRESS
ULTIMATE YIELD ELASTICITY | ELONGATION| ULTIMATE| YIELD
NUMBER |(Pounds per Inch) | (Pounds per Inch) |(1: x 109 i pst)|  (Percent) (psi) {psi)
w21 72 42 5.1 11,38 104,000 |61, 000
w22 69 41 5.7 0.8 100, 000 | 58, 000
wald 14 46 6.1 11,3 107, 600 | 66, 000
w24 11 42 6.0 10. 5 103,000 |61, 000
w25 (A ai 2.3 1,9 103, 6G0 | 58, 000
Avg 171 42 5.6 10.9 103,000 {61, 000
w41 (4 42 8,5 7.6 870,000 | 61,000
w42 89 42 6.5 8.8 100,000 | 61,000
w43 T2 44 6.4 8.9 104, 000 |64, 000
wd4 70 42 8.3 8.0 101,000 }61,000
w45 1 43 6.4 8.0 103, 000 | 62, 000
Avg 70 43 6.4 8.7 101,000 |62, 000
wB1 68 41 6.2 8.0 08,000 | 59,000
wga 88 41 6.0 8.0 98,000 | 69,000
we3 87 44 6.6 7.1 87,000 | 64,000
weé4 68 42 8.1 8.4 08,000 {€1,000
was 0 13 8.3 8.0 101,000 |€2,000
Avg 87 42 6.2 8.8 68,000 {61,000
wal 66 40 6.1 8.1 95,000 ;81,000
Wo2d 67 41 6, 1 8.4 87,000 |59, 000
wi3d 63 40 8.0 8,2 91,000 | 68, 000
w4 64 40 8.2 75 93,000 | 538,000
wab 66 42 . 5.8 1.8 95,000 |61,000
Avp 65 41 6.0 7.7 94,000 | 68,000
Total €8 42 6.0 9.0 99,000 |61,000

Table 14. Cloth A Breaking Tests (Fill Dircction)

LOAD LO MODULLUS OF STRESS
ULTIMATE YIELD ELASTICITY |ELONGATION |ULTIMATE | YIELD

NUMBER| (Pounds per Inch) | (Pounds per Inch) |(& x 108 4 pst)) (Percent) {pst) (psi)
F21 99 1 14.1 6.4 143,000 |101,000
F22 99 68 12.4 8.4 143, 000 98, 000
F23 98 68 14.1 7.0 142, 000 | 100, 000
F24 9 65 11.1 5.5 114, 000 80, 000
F25 7 53 13.4 7.0 111, 000 7, 000
Avg 90 63 13.0 8.9 130, 000 91, 000
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Table 14, Cloth A reaking Testa (Fill Direction) (Continued)

o

e
LOAD LOAD MODULUS OF STRESS |STRESS
ULTIMATE YIELD ELASTICITY |ELONGATION | ULTIMATE | YIELD

NUMBER | (Pounds per Inch) | (Pounds per Inch) (& x 10% in pai)| (Pevcent) {pst) {pst)

F41 110 84 19,4 50 159,000 {122,000
F42 98 70 16.0 6.7 142,000 | 101, 000
43 87 a8 15.3 7.5 140, 000 98, 000
F44 102 10 .1 7.8 148, 000 | 101, 000

F45 _}05 na 17.2 i 8.0 - .__"15?, 000 _1_0_4»._0_09_
Avg 102 13 17.0 7.0 148, 000 | 105, 000
F61 87 2 17.7 4.1 140, 000 | 104, 000
F62 87 68 16,1 7.3 140, 000 89, 000
F63 o8 70 16.8 5.9 142,000 | 101, 000
F64 " 56 12.4 4.9 111, 000 80, 000
¥85 8 54 12.5 6.1 103, 000 79, 000
Avg 89 64 15,1 5.7 127, 000 92, 000
F81 113 81 20.8 8.5 164,000 |117, 000
F82 08 69 18.0 7.1 142, 600 100, 000
Fa3 85 86 10,4 8.4 138, 000 96, 000
F84 102 69 17.3 8.1 148, 000 100, 000
Fi5 102 10 18.2 .1 | 148,000 |101,000
Avg 102 m 17.7 7.2 148,000 | 102, 000
Total ') 08 18,7 6.1 138, 000 98, 000

Tho target strength of this cloth 18 87 pounds per Inch in both the warp and fill directions,
The opennerr factor of the cloth 1s 34 percent.

n. Teat Results. The avorage results lor wire are as (ollows:

Tensile - Ultimate = 0. 82 pound
Tensilo - Ultimate = 186, 000 psi

Tensile - Yield = 0. 357 pound
Tensile - Yield = 104, 000 psi

Modulus = 28, 000, 000 psi
Elongation at failure = 2€ percent.

The test results for the five different gage lengths are uniform except for modulus values.,
Actually the wire tends to slip a certadn amount in the jaws, and the resulting computed modulus is
generally low. Thus different gage levgths (2 to 18 inches) are used in testing Lo isolate the amount
of slippage.

For cloth A, the breaking ultimate strengths in the warp direction are consistent and aver-
age 688 pounds per inch. This is 77 percont of the target strength.

The breaking ultimate strengths in the fill direction are quite inconsistent, ranging from a
high of 113 pounds per inch to a low of 77 pounds per inch. ‘rnis gives an average of 96 pounds per
inch, which is 109 n.scent of the target strength,
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The breaking yield atrengths in the warp direction are cunsistent and average 42 pounds per

inch, which 18 62 percent of ultimate,

The tensile yleld strengths in the fill diri:tion vary about the same as the ultimate
strengths, The uverage value {8 71 percont of the iltimate average.

The average elongation at failure i3 9, 0 percent in the warp direction and 6. 7 percent in
the 111l direction.

The average modulua in the warp direction is 6, 000,000 pst. The average modulus in the
till direction is 18, 700, 000 psi.

b. Conclusions, The resulits of the wire tests are consiatent and show an ultimate tensile value
for the wire of 169, 000 psi based on a nominal wire diameter of 0. 0021 -inch.

The reaults of the cloth tests in the warp direction show cunsistent results on an ultimate
tensile atrength of 68 pounds per inch, This value is lesa than the expected value.

The results of the cloth tests in the fill direction show inconsistent results Indicating that
the fill wire used was inconsiatent,

A further conclusion is apparent when comparison of wary and fill strength {8 made, More
of the crimp ia put into the warp wires; thus their strength is reduced. This is even more apparent
when comparing modulus values ns shown in Figure 108,

The structural efficlency data comparing cloth with the original wire is shown in Table 15,

YIELD

MODULUS OF | KLONGA- ! ELONGA-
STRUCTURAL TARINC - ULTIMATE T Ll KLASTICITY TION TION
CONDITION TICN {psi) (psi) (& i psl) {Percent) (Porcent)
0,0021 Wire - 149, G0 104, QU0 24, 000, 000 26.0 04
Cloth w 89, 000 61, 000 G, 000, 00O 2.0 1.1
Cloth w 138, 000 98, 000 1§, 700, 000 6.7 0.6
Cloth Eificieney W 58 percent | 68 porcent 21 percent 3.0 - -
Cloth Efficlency F 82 purcent | 95 purceat 54 purcent 25.0 - -

2. Cloth B Evaluation

Cloth I I8 woven of a strand (10 turns per inch) consisting of seven 0. 0018 inch-diameter
wires {six wires twistod about a conter wire) and has a mesh of 100 per inch in both warp and fill.
Test conditions are presented in Table 16,

Tests were performed on the wire used in weaving. All samples were obtained from the
same sponl, and samples were tested in tension, Ultimate tensile strength, yleld strength, moau-
lus of elasticity, und percent elongation at failure are reported in Table 17.

Tensile tests were performed on the strand used in weaving. All samples were obtained
from the same spool and were tested in tension. Ultimate tensile sirength, yield strength, modu-
lus of clasticity, and percent elongation at failure are reported in Table 18.

Tensile tests were performed on the woven cloth. Twenty specimens were tesied in the

warp direction, and 20 specimens were tested in the {ill direction. Ultimate tensile strength, vield
strength, modulus of elasticity and percent elongation at failure are reported in Tables 19 and 20.
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Table 16, Cloth B Evaluation Test Conditions (Instron Machine)

CROSSHEAD SPEED
GAGE (Inches /Minute)
LENGTH
{Inches) FIRST 4 MINUTES AFTER 4 MINUTES
2 0., 02* 0. 20+
[} 0. 06* 0. 20
i0 0. 10* 0.10
14 0. 14* 1.0
16 0.18% ¢+ 1.0
tRun for 3 minutes instead of 4.
GAGE GAGE
LENGTH CROSSHEAD SPEED : LENGTH CROSSHEAD SPEED
% (Inches) {Inches /Minute) {Inches) {Inrhes/Minute)
B 8 0.5 E 2 0.05
0 10 0.250 3} 4 0.10
i4 0.350 8 0. 15
18 0.45 a n 20

* 1,0 Percent/Minute Strain
** 10 Percent/Minute Strain
**sSpecimen width = 1 inch; spocimens were cut and raveled; edges trimmed after raveling.

Temperature = TIOF,

Relative Humidity = 60 percent,

Table 17, 0. 0015-Inch-Diameter Rend Wire Tension Tosts

e e

e e

e E——————
LOAD LOAD STRESS STRESS [MODUJLUS OF
ULTIMATE | YIELD ULTIMATE | YIELD ELASTICITY ELONGATION

SPECIMEN {Pounds) (Pounds) (psi) {(psi) (Ex10-6 in psi) (Percent)
21 0.312 0. 208 1'th, YUY ii8, 000 30, 6 22
22 0. 321 0. 207 181, 000 117, 000 31.2 25
23 0.320 0.207 181, 000 117,000 31.5 23
24 0.316 0.214 178, 000 121, 000 28.3 23
25 0.318 0.203 1796, 000 115, 000 30.2 24
Avg 0.317 0.208 178, 000 117, 000 30.3 23
81 0.313 0. 205 1717, 000 118, 000 30.1 24
62 0.311 0. 205 178, 000 118, 000 29.2 22
83 0.313 0.200 177, 000 113,000 28.8 23
64 0.316 0.203 178, 000 115, 000 28.5 24
65 0.315 0. 205 (73,000 | 118,000 30. 7 22
Avg 0.314 0.203 177, 600 114, 000 20.6 23
101 0.31¢6 0.209 178, 000 118,000 31.4 22
102 0.317 0. 209 179, 000 118, 000 29.4 22
103 0.317 0. 205 179, 000 1186, 000 31.7 23
104 0.314 0.203 177,000 115. 000 31.4 22
105 0.317 0. 209 179,000 | 116,000 31.7 23
Avg 0.316 0. 207 178, 000 116, 000 1.1 22
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Table 17, 0,0015-Inch-Digmeter Rend Wire Tensile "Tests (Continued)

= "——_—*—*—"‘——*3———,—_—_—_————-'———"*1__—7_-.*—-———-" .———*—-r——'——m“'-—-'——;—“‘
1.OAD LOAD STRESS STRESS | MODULUS OF
ULTIMATE | YIELD ULTIMATE | YIELD ELASTICITY | ELONGATION
SPECIMEN {Pounds) (Pounds) {psi) (psi) {£x1081n psi) {Percent)
141 0.314 0.209 178, 000 116, 000 32.8 22
142 0,318 0.203 179, 000 115, 000 31.8 23
143 0,319 0,207 160, GO0 ii7, 000 32.2 23
144 0,319 0.203 180, 000 115, 000 32.6 24
145 | 0318 | 0.208 | 198,000 | 115000 | 32,8 R
Avg 0,318 0,208 179, 000 115, 000 32.3 22
181 0.313 0. 209 177, 000 116, 000 J32.2 17
182 0, 316 0, 203 178, 0600 115, 000 32.2 23
183 0.311 0. 209 176, 000 116, 000 32.2 21
184 0,317 0. 200 179, 000 116, 000 3,15 22
185 0.317 | .20 | 119,000 | 16000 322 | 2
Avyr 0.315 0. 208 178, 000 116,000 32.1 21
Total Avg 0. 316 0. 206 178,000 | 116,000 32 ] 22

Table 18, Rend Strand Tenatle Teats (Seven 0. 0015-Inch-Digmctor Wires)

LOAD LOAD STRESS STRESS | MODULUS OF
ULTIMATE YIELD ULTIMATE | YIRLD ELASTICITY ELONGATION

SPECIMEN {Pounds) {Pounds) {pst) (sd) (Ex10°% in pai {(Pereoent)
81 2.45 1. 54 108, Qo0 124, 000 28 24
62 - 1,53 .- 123, 000 28 --
83 2.47 1. 54 199, 000 124, 000 27 23
A4 2.42 1, 50 195, 00C 121, 000 a0 24
85 2.42 1. 50 1645, U0 121, 000 20 24
Avg 2. 44 1. 9% 197, 000 123, 000 24 24
101 - 1.40 121, 000 28 --
102 -- 1. 50 - 121, 000 29 -
103 2.44 1. 50 197, 000 121, 000 29 22
104 - 1. 50 ane 121, 000 20 -=
105 2.7 1.53 191, 000 123, 000 28 19
106 2.45 -- 188, 000 - .- -
107 2.45 -- 198, 000 .- -- .-
108 2.45 -- 108, 000 .- -- .-
109 2.43 - 106, 000 .- .- --
1610 2.45 - 198, 000 ... .- -
1011 2.46 -- 198, 000 - -- .-
1012 2.44 -- 197, 000 --- -- .-
1013 2.44 - 197, 000 o.- .- --
1014 2.46 - 198, 000 --- -- --
Avg 2.44 1.50 | 191,000 | 121,000 20 20
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Table 18. Cloth B Breaking Teste (Fill Directon){Continued)

Wﬂ
LOAD LOAD STRESS STRESS | MODULUS OF
ULTIMATE YIELD ULTIMATE | YIELD ELASTICITY ELONGATION

SPECIMEN {Pounds) (Pounds) (psi) (psi) |(Ex10-8 inpsi) (Porceat)

Fo1 186 86 183, 000 16, 000 6.2 ].8

Fu2 193 88 171,00 78, 000 5.8 11.6

F83 198 a6 176, 000 16, 000 5.6 15.0

Fi4 204 99 170, 000 83, 000 5,0 11.3

Fah 2057 105 175, 00V 90, 000 4.8 8.5
A‘vgf 197 95 _ 171, 000 a1, 000 8.6 11.0
Tatal Avg 193 a8 1723, 000 178, 000 6.3 12.0

Note: The ultimate and yield pai valuow shown are correctod for the fact that apecimens had
mesh counts of less than 100 per inch.

Table 20. Cloth B Breaking Teats (Warp Diroction)

LO.D LOADR STRESS | STRRSS | MODULUS OF
ULTIMATE ! YIELD | UrTIMATE | YIELD | ELASTICITY | ELONGATION

SPECIMEN | (Pounds) | (Pounds) (pai) (pei)  [(Ex 1076 tn psi)[  (Percent)
wat 183 61 146, 000 49, 000 2 20
w22 186 82 149, 000 50, 000 2 19
wa3s 183 61 146, 000 49, 000 2.2 17
w24 184 62 147, 000 50, 000 2.3 17
, was 185 a0 148, 000 48, 000 2 17
Avg 184 61 147, 000 49, 000 2.1 18
wéi 184 62 147, 000 50, 000 2.5 15
w42 188 61 148, 000 49,000 2.5 15
w43 171 62 142, 000 50, 000 2.5 14
wa4 188 62 149, 000 50, 000 2.8 15
w45 184 61 147,000 49, 000 2.5 )
Avg 183 61 147, 000 50, 000 2.5 18
wél 188 81 150, 600 65, 000 2.7 14
w62 189 84 151, 000 51, 000 2.8 1
wes 181 64 145, 000 51, 000 3.2 13
wé4 104 65 147, 000 52, 000 2.6 14
wes 185 64 148, 000 51, 000 2.6 15
Avg 185 68 148, 000 52, 000 2.7 14
w81 184 14 147, 000 59, 000 2.9 13
wa2 180 81 144, 000 49, 000 2.8 13
w83 177 85 142,000 52, 000 3.0 13
w84 179 85 143, 000 52, 000 2.8 13
_ wss 190 85 152,000 52, 000 2.9 14
Avg 182 86 145, 000 53, 000 2.9 13
Total Avg 183 b4 147, 000 50, 000 2.5 15

Note: The ultimate and yicld pst values shown are corrccted for the fact that specimens had
mesh counts of 1css than 100 per inch.
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The target strength of this cloth 18 175 pounds per inch in both the warp and fill directions.
The oponness factor of the cloth is 27 percent. The actual measured diameter of the wire 1s 0.0015
inch and hereafter is referred to as 0. 0015 inch instead of the manufacturer's 0. 0016-1nch diameter

callout.
a. Test Results. The average results for wire are as follows:

Tenslon - Ultimate - 0. 316 (1b)
Tension -~ Ultimate = 178, 000 (psi)

Tension ~ Yiald = 0. 208 (1b)
Tension - Yield = 118,000 (psi)

Modulus = 32 x 100 (pst)
Elongation at Failure = 22 (percent).
The average results for atrand are as follows:

Tension ~ Ultimate = 2.43 (Ib)
Tension ~ Ultimate = 196, 000 (psi)

Tension -~ Yield = 1, 651 (lb)
Tension - Yield = 122, 000 (psi)

Modulus = 29 x 106 (psi)

Elongation at Fallure = 22 (percent).

For cloth the tensile ultimate strengths in the warp direction are consistent and average
183 poundas per inch. This is 183/175 = 1.04 ur 104 percent of the turget atrength.

The tensile ultimate strengths in the fill direction are not as consistent and average 183
pounds por inch. This 18 193/176 - 1. 10 or 110 percent of the target strength.

I'he tensile yleld strengths in the warp direction nre consiatent and average 64 pounds per
inch, which i8 35 percent of ultimate.

The tensile yleld atrengtha {n the fill direction average 88 pounds per Inch, which is 45
percent of the ultimate nverage.

The uverage elongution at failure is 15 percent of ultimate in the warp directton and 12
percent of uwltimate in the fitl divection.

The avorage moduius in the warp direction i 2. 5 x 108 pgi. The average modulus in the
{itl dircetion is 5.3 & 10° pai.

b, Conclusions. The structural efficiency dutu comparing cloth and strand to the original wire
is shown in Tablc 21.

Table 21. Structural Elficiency Data (Cloth B)

-
YIELD
STRESS STRESS MODULUS OF | ELONGA- | ELONGA-
sTRUCTURAL DIREC- | ULTIMATE YIELD ELASTICITY TION TION
CONDITION TION (pst) (psi) (Ex10-8 {5 psi) | (Percent) (Percent)
0. 0015-In, -Dia - - 118,000 116, 000 32 22 0.4
Wire
0. 0016-In, -Dia - 188, 000 122, 000 29 22 0.7
Strands
Cloth Warp 147, 000 £0, 000 2.5 15 1.8
Cloth Fill 172,000 78, 000 5.3 12 1.4
Strand Efficiency -~ 110% 105% 20% 100 - -
Cloth Efficiency warp 82% 43% 8% 68 - -
Cloth Efficiency Fill 98% 87% 18% 55 - -
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A comparison of modulus values is shown in Figure 109,
3. René Cable (1/32 and 3/32) Tensior Tests (Standard Aireraft Cable Configuration)

The minimum ultimate tensile strengths specified on the order were 110 pounds for the
1/82 cable and 920 pounds for the 3/32 cable. The 1,/32 value was later veduced to 100 pounds.
Tests were performed an the delivered cable as follows:

1/32 Cable (3 x 7 Construction 0.0048 Wire)

Specimen No., 1 = 102 1b
Specimen No. 2 = 104 1b
Specimen No. 3 = 103 1b
Specimen No. 4 = 103 1b
Average =103 1h

3/32 Cable (7 x 1 Construction 0. 0104 Wire)

Specimen No. 1 =980 1b
Spechinen No. 2 = 929 1b
Specimen No. 3 = 884 1b,

Strain rate was one percent per inch por minute for 1/32 eable: gage length was 10 inches
for 1/32 cable.

Strain rate for 3/32 cable was 20 pereent per inch per minute for gpecimen No, 1 d 2.5
percent per inch per minute for specimena No. 2 and 3.

For 3/32 cable it was nocessary Lo swage ends on the eobles apnrovimatoly o R-inch gage
length resulted. Specimen No. 3 slipped in the jawa, was reloaded and was sot considered a good

tost.
4, Stainless Steel Cloth Evaluation

A quantity of stainleas stecl cloth was purchased for use {n constructing the three-~foot
model. Upon receipt of this cloth, {esis wuere performed to determine its sirength properties. The
cloth tested was Type 304, 0.0021-inch diamecter wire, 200 x 200 mesh, and plain woven.

Tension teuts performed were as follows:

10 specimene in the warp direction.
10 specimens In the fill drection,

Testing conditions were as follows:

room temperature

specimen size = 1 X 6 inches

grip length = 3 inches

crosshead speed = 0.2 inch per minute

chart speed = 2 inches per minute.

A summary of the stainless steel cloth tension tests is presented in Table 22.
§. C8-105 Coating Evaluation

A limited test program was performed to approximate the amount of leakage that may
occur in the Mach 10 wind tunnel test.

a. Hot Roc Tests, Four specimens were tested us indicated in Table 23.
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Table 22. Summary of Stainless Steel Cloth Tension Tests

e e e

WARD DIRECTION FILL DIRECTION
SPECIMEN ULTIMATE LOAD SPLCIMEN ULTIMATE LOAD
NO. (Lb/In.) NO. (Lb/In.)
wi 50 Fl 51
w2 43 F2 5
w3 50 F3 60
w4 419 F4 57
Wb 49 Fi 56
wé 51 F6 58
w? 48 1 62
ws 46 F8 59
w9 50 ¥9 58
w10 b2 F10 68
Average 49 Average 58
Table 23. Hot Roc Tests
' ——
BACK-UP
TEST TYPE OF NUMBER PRESSURE TEMP TIME AT
NO. CLOTH OF COATS (psi) (°F) TEMP
i A 12 4 1275 2
2 A 12 4 1278 10
3 B 12 4 1275 2
4 B 12 4 1275 10

~ One coat of C8~106 npproximates 1 oz/sq yd.

Outside of some flaking, the coating did not appear porous after testing. It waa nat necos-
sary to adjust the pressure during test, indicating that leakage was less than the accurucy of the
Muipment.

b, Permeability Testa. Six specimens were tested in the environmental laboratory as shown in
Table 3. Four specimens were fabricated by welding logether two halves. This was done as an
attempt to check if more leakage would occur at the welds.

Table 24. Permenbility Tests

e an gy

e Ty

BACK-UP
TEST TYPE OF WELD OR NUMBER PRESSURE TEMP TIME AT
NO. CLOTH CONTROL OF COATS (psi) OF) TEMP
3 A Control 12 2 1500 20
1 A Welded 10 2 1500 20
5 A Welded 10 4 1275 20
8 B Control 12 4 1275 20
8 B Welded 19 4 1275 “e
2 B Welded 10 2 1500 60

The leak rates are plottcd in Figurce 110.
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Specimen No. 3 blistered opposite the heated side.  Agpurently only one or two coats were
lost, however, as pressure was malitained,

Specimen No. 6§ could not be tested to completion ns a major leak developed in the weld
area.

Considerable more charring of the CS-105 accurs at 1500°F than at 1275CF,
D. WELDING INVESTIGATION
1. Equipment

The following resistance welding machines were available and deemed worthy of consider-
ation for welding of metal cloth such as that proposed for use for the subject contract.

(1) Spot Welder (Federal Machine and Welder Co). 100-kva, a-c, single-phase 42-inch
throat, welding force range 100 to 3000 pounds.

(2) Scam Welder (Sciuky Bros, Inc). 200-kva. 3-phase, 54-inch throat. welding force
range 600 to 4500 pound,

(3) Seam Welder (Reslstance Welder Corp). 150-kva, a-c, single-phase, 48-inch throat,
welding force range 300 tu 2300 pound.

(1) Scam Welder (Thomson Electrie Welder Co), 50-kva, a-¢, Ringle-phase, 22-inch
throat, welding force range 13 to 500 pounds.

(5) Spot Welder (United Corporation - Weldmatic). 40-watt-gecond, capacitor-aischarge,
pincer and probe-type elecirodes; for tack welding.

2. Equipment Evaluation

For equipment evaluation the material used was Rend 41 0. 0016-inch diameter, 200 x 200
wires per inch since this material was available and there was welding background information at
Tand,

Tuitinl scum weldineg was done on the S8cinky machine. It was found that consistent strength
welds could be obtained at weld speeds up to 80 Inches per minute. This could be either & seam
weld or roll-spot weld, It was nccessary to aandwich the ¢loth hetween fall strips to prevent stick-
ing of the cloth to the electrodes. The foil was peeled off after welding. Becnusge of the inheront
high weld force of this machine, parts had to be securely clamped and little guiding was possible
during welding. This machine's use would be limited to flat, straight joints.

The resistance scam welder was found to have only slight advantage over the Sciaky welder.
Guiding of parts was easier due to narrower wheels and lower weld force. ¥oil was required on only
one aide of the cloth. The weld strengths were comparable, but it was felt that small contoured parts
would be difficult to handle here also.

Preliminary welding on the Thomson seam welder indicated that machine alterations and
developnent time would be required to gain any appreciable advantages over the larger machines.

The Federal spot welder, although a low production machine (inches of weld per unit time),
had over-balancing advantages. There was a minimum of clamping and fixturing required. Accessi-
bility was guod for welding of either size Ballute model. There was less danger of having hard-to-
repalr defects. The weld tensile-shear and slit-tear strengths were superior to those of seam
welds. Foil sandwiching was required. Table 25 shows the results of welding, using the two ma-
chines showing the greatest promise.
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Table 25. Welded Strengths of 0. 0016-Inch-Diameter, 200 x 200 Mesh Rend 41

MACHINE | TYPE OF | NO.OF | sPOTS/ | TRAVEL | TENSILE-SHEAR SLIT TEAR _
MAKE WELD | ROWS |IN./ROW |(In. /Min) | (Lb/In. Avg)| Efficiency| Lb | Efficiency
Sclaky Roll-spot P> 8 80 44 80%, (4.9 607
Sciaky Roll-gpat 2 6 80 36 66%, 5.0 87%,
Sclaky Seam 1 12 72 35 64% 4.3 574,
Sciaky Seam 1 15 18 .- - 5.0 677,
Federal | Sput 2 7 - 41 5% 16,7 B0,

The spot welds were fairly good in tensile-shear and by far the best in alit-tear. ‘Lhe tests

were performed in the fill direction.

3. Joint Design

Since apot welding was preferable to senm welding, optimum joint design was determined.
Previous work indicated that every wire normal to the dirction of loading must be welded and that
tear resistance i8 best when spots are separated. This dictated a wo-row staggered pattern with
the spot spacing dependent upon the size spot ubtainable for a given cloth,

In preparation for welding the 36-inch Dallute, a weld schedule was catablished on the
Federal spot welder for Type 304 stalnless steel 0.0021-inch diameter, 200 x 200 cloth. Welds
were made in two-row palterns at different spacings normal to the direction of loading. This

was also done on two and threc thickness combinations with the weld

direction of loading. Results of these testa are shown In Tuble 26,

awe at 45 degrees to the

Table 28, Spot Weld Strengths in Stainless Steel Cloth (Fill)

- —— 1
DIRECTION
OF NO. OF spPOT/ STRENGTH PERCENT

WELD ROWS ROWS INCH/ROW (1L avy) EFFICIENCY
Normal 2 8 48 83
Normal 2 8 44 78
Normal 2 4 a 64
Normal 2 2 21 31

3 Thickness 2 8 50 86

2 Thickness 2 8 42 72

The two-row staggered pattern with eight spots per inch per row was selected as the
standard for welding of the 36-inch Ballute.

4. Weld Strength Evaluation (Cloths A and is)

A summary of weld strength evaluation test results is presented in Table 27.

After consideration of the tensile strength, tear resistance, fabrication costs, and reliabi-
lity, it was decided to use a two-row gtaggered pattern of seven spots per inch per row and a row
spacing of 3/32 to 1/8 inch for both A and B cloths.
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109




-- 9¢ - -- - BLI TCIU0) | dIEM q
86 S¢S -—- -~ 0ot cLl L Z drem g
cot 08 -~ -- 23] L¥1 L I drem g
- 09 --- -- - £81 Toenus) nd |
88 £€g --- -- 137 aLi L 4 nd d
W 8 ‘ --- -- oe %1 L 1 nu €
- 02 W - 62 -- 1L Toxuo) | dxem v
(3174 0z M 001 62 96 83 6 2 drem v
) 03 i - - 66 oL L 2 dreg v
oct it ‘ -- -- 96 * 89 14 ¥ dreg v
€0t 0z €6 ¥4 ¥6 19 6 1 drem \
- 61 -- 8¥ -- £6 foxwon |y v
17114 12 { 69 £e F4 9L 6 4 g \4
001 12 ~ -- -- 63 ¥ L z nd v
001 61 ,ﬁ -- -- 99 19 I 1 s v
c6 BT i 9z £9 6 3 H4 i v
(Jm20124) (m/a1) (3u3213g) { ‘up’ar) (marad) (ur'q7) | soM. uduI| smoy NOLL | H1OTD
pte icim) LE K | 4,0L AONIIOLIIT g 50081 XONAIOEIT 440L /sids | 10 "oX | -OFUKT
JLNIOf HLOXTHILS ' LNIOP Ly ixior ' HISNEEIS | Jo ON
mMMmﬁ.m_.m - HIONTHIS _ FISNAL NOLLVIQIOANT

_ TTIM-1OdS

SIMSaY 1S9 UOREN[EAT [IBTaI]S PIoM Jo AIEmums -1 IWEL

110

AUD-TDR-62-702 Pt 11



E. FABRICATION TECHNIQUES

Proparation of gorea and the welding sequence of all models was similar. Marking and
cutting templates shown at the top of Figure 111 were made from the developed gore drawings. With
the teruplate on the cloth at 45 degrees to the warp, the matorial was marked and cut, Cable locating
loops were first seam tack welded, located, and taped in place as shown at the bottom of Figure 111,
then welded in place using the Federal welder, with the first spot as cloge as passible to the rod
along the gore center line,

‘'he gores were then loaded into coating frames and clumped as shown in Figure 112 with the
match points coineiding with holes in the top frame which was a mask for the weld area. Both stdes
of the gore wore sprayed with five coats of high-temperature silicone elistomer CS-106, Each coat
was cured.

For the 36-inch model, gores were welded in pairs; then pairs were added one at 2 time to
form a hemispherc, Puirs of gores were mounted on a formed tacking teniplate and tack-welded
every six inches with the Federal welder. Prior to tacking, sandwiching foil was taped in place
cavering the overlapped weld nrea. Spot spacing was uniformly controlled by the indexing attach-
ment ag shown in Figure 113, As each joint was welded, the foll was peeled off und the excess over-
lap material trimmed. Flgure 114 ghows the welding together of subassemblies. Welded joints
were brush-coated with C8-105 and put through the normal coat and cure cycle.

When the two halves of the Ballute were ready for joining, onc side was welded from the
polar cap opening to the tangent point and the other gide from the opening for about six inches. The
inside polar cap was tacked in place and the hole cut out to provide the correct overlap. The outer
cap wag added and the three-thickness comblnation welded. The welded polar cap and joints were
coated and cured. Figure 115 shows the joining of the Ballute halves, Match points were super-
imposed, and two tack welds made about {lve lnches apari, The area to the first weld was filled in
with spots and thon anothor tack weld added. Welding was alternated from one stde of the Ballute
to the other. During the final closure, welding was interrupted for coating. Final few inches of
welding was dane with a specinl arm which was tapered oul to a button eloctrode. Figure 118 shows
tho assembled model,

Fabrication of the ten~inch cloths A und B Ballutes generally followed the same process-
ing. Tack welding of the gores up to the point of joining the halves was done on a plywood form
made to the developed contour at the joint, Copper attached to the form was the conductor to which
the welding lead was clamped,

The Liwavier and siiffor cluih B was casier to handle and weld, Figure 117 shows the weid-
ing of two gores with callde loops and match points visible. Cloth B can be welded without foil. Foll
was used on one side when convenient to speed the welding proceas.

F. SUMMARY OF RESULTS

The development weaving program involved design procurement and evaluation of two new
Rene cloths, These clotha would be stronger than the available Ren€ cloth. Cloth A was woven to
commercial stainlesas steel cloth standards. Cloth B was woven of stranded wires to maintain flexi-
bility of the heavier cloth.

Results of the weaving program show that the Cloth A design is too tight a weave to be
woven of René wire in production quality. Cloth B, however, was woven successfully and is re-
commended for procurement on future phases of work.

Results of strength tests are summarized in Table 28.

The welding program was planned to determine the processing that would obtain the

highest weld efficiency. Staggered rows of spot welds were concluded to be most efficient strength-
wise and also most reliable tearwise.
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Figure 112, Clamping Gore in Coating Frame
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Figure 114, Welding Suhassemblies
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Figure 116, Thirty-Six Inch Diameter Stalnless Steel Ballute Model
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Table d8. Summary of Strongth Tests

Figure 117, Wolding Two Cloth B Gores

e e e . — e
CLOTH WIRE MESH ULTIMATE TENSILE (Lb/In.)
MATERIAL | DESIGNATION | DIAMETER | PERINCI WARP FiLL
Rene: 41 Original 0.0016 200 x 200 47 61
Rene 41 Cloth A 0.0021 200 x 200 68 96
Rene 41 Cloth B T-0.0016 | 100 x 100 183 183
Stainless Commercial 0. 0021 200 x 200 48 04
ateel
Table 20 summarizes the most efficient weld results.
Table 28. Summary of Weld Results
——— e - e ——
WARP DIRECTION FILL DIRECTION
PERCENT PERCENT
MATERIAL | CONTROL | WELDED | EFFICIENCY | CONTROL | WELDED | EFFICIENCY
Cloth A (3l 70 98 93 k(. 82
Cioth B 174 174 100 183 172 84
ASD-TDR-62-702 Pt II 115




A summary comparison of weights is presented in Table 30,

Table 30. Summary Comparison of Weights

ﬁ—_—__‘_———w
ESTIMATED | ESTIMATED
CLOTH COATING TOTAL
CLOTH WIRE MESH |[WFIGHT | REQUIRED WEIGHT
MATERIAL | DESIGNATION | DIAMETER | PER INCH| (0z/Yd2) (0z/Yd2) (0z/Yd?)
Rend 11 “- 0.0016 200 x 200 5.01 3 13
Rend 41 Cloth A 0. 0021 200x 200 | 8.75 8 17
Rend 41 Cloth B 7-0.0018 | 100x 100 | 17.50 10 27
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SECTION 7

INFLATION SYSTEMS STUDY

A. GENERAL

The function of a Ballute inflation system is to provide sufficient internal pressure P to
maintain a symmetrically rigid decelerator,

Since the Balluto can be used in so many stabilization and deceleration applications each of
which has peculiar thermal and structural conslderatlons as well as a variety of altitude velocity
regimes, optimization of the inflation system must be conducted separately for each mission. As in
any alrborne system, weight i8 one of the prime considerations in the determination of an optimum
design. For this reason, a graphic surimary of the most feasible methods of Ballute inflation ver-
sus weight {8 present in Figure 118,

The following systems were found to be worthy of detailed analysis:

(1) Compressed gas in pressure vessels
(2) Residual air within the Ballute

(3) Gus generation by burning fuel

(4) Chemically generated gas

(6) Airborne compressors

{8) Ram-air inflation,

B. COMPHRESSED GUAS IN PRESSURE VESSELS

Probably the most widely used method of producing large volumes of gas at relatively low
preasures 18 storage at high pressures and small volumes in steel, wire-wound, fiberglass, etc
bottles, The state-of-the-art in this area is progressing with the development of higher strength
motals and compression equipment, Associated hurdware in the form of tubing, soleneoid, and pyro-
tochnie valves {8 avallable 1n the form of off -the-shell [lems, Inflation rates may be easily control-
lod by metering with standard hardware,

‘Vhe welght curves for the steel bottle systems and the fibergluss bottle systems shown in
Figurae 118 are bared on catplogue welghts for commercially avatlable bottles. Tho titanlum sphese
weight curve was calculated trom data obtrined from a nomograph published by the Titanium Metals
Corporation of America. Heat tronted Ti-8A -4V nlloy was selected, and the derign panditinne for
the bottles were assumed to be 7630 psi pressure and 100, 000 psi design stress, This stress level
gives a safoty factor of 1.6 at 70°F,

In the three gas bottle systems the total system weight was determined by adding the weight
of the comprepoed air and the welght of the control valve. The control valve was assumed to be
simple, and its weight was estimated to vary from 1 to 3 pounds over the range of bottle sizeu.

C. RESIDUAL AIR WITHIN THE BALLUTE

In certaln high-altitude missions where the Ballute i8 relatively small and the altitude de-
crement le small, it is feasible to make use of the air trapped within the packaged Ballute as the
inflation medium. If it {3 necessary to eliminate the predeployment stresses on the Ballute, the
packaging caninter may be hermetically sealed, creating a zeso pressure differential across the
Ballute fabric. This system insures rapid inflation and good relizbility and eliminates the pressure
vessel and valve requirements. Howcver, {t is limited to high-altitude npplications,

D. GAS GENERATION BY BURNINC SOQLID FUEL

Chemical generation of gas by burniiig ""explosive” type materials is a very reliable system
that is being continually refined. Hot-gas and ceol-gas generators are now available in some small
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sizres as off-the-shelf items. Custom-made gas generators may be procured to fulfill almost any
pressure volume requirement. Firing of these devices can be done either electrically or mechani-
cally,

The gas generator curve in Figure 118 was calculated from the equation

Pv = wrT
where

Pv = energy in lb-ft

w = propellant weight in pounds

T = gas temperature in )

r = energy constant = 55 {t/OR (a good average value fov present-day ballistic generators)

The total weight of the gas genorator systems wus determined by arbitrarily multiplying the
propellant wetght by 1,5 to include the weight of the case and hardware. The 1.5 factor was esti-
mated from !imited data on hot-gas generators, and it nssumes thut the gas {s generated hot and
thon cooled down to 70°F within the balloon.

Two points are shown on the graph which indicate the welghts of two cool-gas geacrutur
syAatems which were proposed by McCormlick-Selph Assoclates, Holllater, California for use in
specific inflatable devices.

E, CHEMICALLY GENERATED CAS

Re-entry recovery missiuns that allow inflation of the Ballute at extremely high altitudes
permit the use of subliming solids or vaporizing liquids as the gas source. Since only very low
pressures can be effocted by this method, application is limited to orbital decay and high-altitude
mlzlons or as initial inflation of ram-air Ballutes in comparable altitude regimes.

Two examples of sublimating powder aystems are shown in Figure 118. The points were
caleulated from the following data on the ECHO I and KCHU U balloon inflation systems:

Siubllhuating Solid Weinlit Deiaily Pressure Yoluing
ECHO ! Benzoic acid 10 79
Antraquinons 20 89
KB 851b/t3 0.06 mm  525,000ft3
ECHO &I Acetantde §0 1b 72 lb/ft3 0.2 mm 1, 290, 000 3

F. AIRBORNE COMPRESSORS

A cursory examination of the feasibility of airborne compression equipment was conducted
revealing severalunfavorable attributes. The compressionof rarifiad gases such as those encountered
at higher altitudes imposes severe tolerance restrictions on the moving parts of the CuNpPressor.

The rate at which large volumes of low-density gases can be pumped into an inflatable device renders
the inflation time required prohibitive. The weight and volume of airborne compressors compare
unfavorably with those of olher systems.

G. RAM-AIR INFLATION

The practicability of the ram-air tnflation concept had been proven in the subsonic velocity
regime prior to the work accomplished under this contract. However, during the wind tunnel iesis
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described in this report, data was obtained indicating feasibility from subsonic through hypersonic
velocitiee,

Basically the ram-air concept converts the kinetic energy of the external dynamic pressure
to internal static pressure by presenting an orifice or orifices normal tc the air stream. The in-
flation aperture may be located at the nose of the Ballute or in the area of the equator. Internal
pressures one to four times greater than the dynamic pressure have been noted in the supersonic
velocity range when the side inlets were used. This indicates that configurations requiring inflation
pressures groater than ¢ may also be ram-alr inflated.

Contrary to closed Ballute inflation the ram-air system may operate {n a wide range of al-
titude-velocity combinations withuul uver-preasurizing the Ballute or programming the inflation gas,
thus reducing the structural requircments of the fabric,

Both the rate of inflation and the g forces imposed on the puyload can be controiled Ly the
size of the inflation orifice.

H. PACKAGE BULK FACTORS FOR THE VARIOUS INFLATION SYSTEMS

The packuge density, or the ratio of inflation system weight to volume of the inflation sys-
tem;,was calculated for each typo of system as follows:

TYPICAL PACKAGING FACTORS

Typo of System Density
(1b/1t¥)
Hot-gas generator 60
Cool-gas generator 05
Fiberglasa sphore,air at 3000 pst 36
Titanium aphere, alr at 7000 psi 58
Steel bottle, alr at J000 psi A3
Sublimating powders
ECHO I (benviiic acid apd 8%
anlraguinone)
ECHON {acetanide) 72

The density of a typical hot-gas generator was determined from limited data on a generator proposed
by the Frankford Arscnal, The deusity of the caol-gas generator system was determined from data
on a McCormick-Sclph propesal drawing, Bottle volumes were esiimated from catalogue data, and
the total weights, including the welght of the compreased ajr, were used In determining densities.
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SECTION 8
CONFIGURATION INVIESTIGATION

A. GENERAL

The purpose of this investigation was to evaluate all the analytical and cxperimental data
and to conduct an optimum configur:tion design study,

Figure 119 is presented Lo assist in the description of the dosign study conducted. Major
parameters affecting the towed inflatable declerator design include:

(1) The descent initial conditions (altitude, velocity, W/CpA, flight angle.
(2) The ballistic coefficient after decelerator daplayment (W/CpA).

(3) The drag area, which is influenced by the size and drag cvelficient (Cp) (efficiency).
(4) The drag coefficient (Cp), which is influenced by 4/d (tow-line length divided by pay-
load diameter), d/d (decelerator diameter divided by payload diameter), and the

decelerator nose shape.
(5) The aerodynamic stabllity, which is8 influenced in part by decelerator shape.

Factors affecting the structural and weight design include:

(1) The peak loading condition, which ia influenced by all performance parameters.

(2) The poak stress condition, which is influenced by the loading, size, and shape of the
dacelerator,

(3) The stress-to-weight ratio, wiich is influenced by the nerodynamic heating tempera-
tures and the type of malerial selected.

(4) The weight of the decelerator, which 18 influenved by the design parameters plus the
miscellancous hardware weights such as the inflation system, if required.

Prios to showing the optimum configuration design details, lhw Qiual stress, thermodyna-
mic, and aerodynamic rosults are presented. Thase results were used for this specilic design con-
figuration atudy.

D, STRESS
1. Spherieal Ballutes with Moeridian Cable Seapenaion S8ystem

The meridian cable spherical type of drag body is composed of a fabric envelope and a cage
of meridian cables to which the riser Mne i3 attached. The fabric envelope is fabricated from gores
of a single-ply fabric, usually cul with the thread sete at 45 degrees to the gore center lines, and
geamed together along the meridians of the sphere.

Structural analysis of the spherical drag body is greatly dependent upon a number of design
details which have little or no effect on thermodynamic or aerodynamic considcrations. Becnuse the
sphere is a stable pressure vessel with the fabric envelope alone, the meridian cables do not need
to be in contact over the entire surface, but can depart on a tangent at some angle at the nose. The
nose angle then becomes a structural parameter. In such a design the behavior under load is gov-
erned by the presence or absence of a shear bond between the meridian cables and the fabrie. If
there is no shear bond, the bias angle of the [abric can change, resulting in a change in the meri-
dian arc lengths and a corresponding change in the circumference of the equator.

If the meridian cables are bonded to the fabric, or if the seam tapes have significant length-
wise stiffness, the meridian arc lengths cannot change very much under load, requiring a different
analysis than the case of no shear bond, A similar restrictive offect, although more locallzed, is
produced by the stiffness of the burble fence in the hoop direction.
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Another parameter affecting the analysis of a spherical drag body i8 the presence or ab-
sence of a center cable connceting tte front and rear poles. If thore is a center cable, the length of
the drag body must remain constant under load, and part of the drag forco is taken out at the rear
pole. If there I8 nu conter cable, ull of the drag force is taken out at the nose, and the length of the
drag body can change under load,

Another variation in the spherlcal shape is obtained by tailoring the fabric envelope to one
of the isotensoid curves of Figurco BA, Reference 14, For small values of k, these curves are nvarly
cireular, yet produce some tension in the meridian cables without any drag load.

Because the number of combinations of the various paramelers is very large, investigativa
of all types of spherical drag bodies is not attempted here (refer to Appendix III for a discussion of
various sphere drag shapes), The following analysis applies to the type of sphere of which models
were bullt for the Langley tests. It {8 believed that the resulting welghts are typical of other types of
spherical deag budies,

w N &
S VRN

\V

Figure 120. Sphere Goometry with No Drag Load

Tho model {Figure 120) Is talloved to a spherical shape and ig fitted with a number of meri-
dlan eables to which the riser line s attached, It {8 assumed that there i8 no shear bond botweon the
moridian cables and the fabrie, The cables are cut long enough to provide a 60-degree wugiv at thic
nosc with no load on the madel,

The sphere i8 a momher of the {sotensold family of membrancs derived In Refereace 14,
Appendix A, for the special case whore the meridian cable tensfon is zero. In order to carry any
drag, of course, {ne merldlans inust huve some tenaton, causing the sbape to deviate {rom the eir-
cular profile. If the deviation {8 small, the new profile is approximately one of the family of curves
shown in Figure 8A, Reference 14. The approximate shape s obtained as a function of the drag
loading by means of the following structural model:

Suppose n cage of n meridian cables, each carrying load, Tra, i8 applied to the outside of
the above desceribed fabric sphere, carrying pressure, P. Defining the quantity

nTy

— 2 _ ask,

pa(ry%
the pressure vessel formed by the fabric and cables takes the shape of one of the profile curves of
Figure 8A, Referuvnce 14, with outer radtus, R'. (It is assumed that the burble fence does not re-
strict the deformation of the fabric.) In order to determine R' in terms of R, it is assumed that the
fabric threads and the meridian cables are inextensible. It is further assumed that the bias angle
can change siightly without causing any change in the one to one ratio of the principal stresses in the
fabric. For small changes In the bias angle, the elongations in the hoop and meridian directions are
equal in magnitude and of opposite sign. If the change in blas angle is assumed to be constant
throughout the surface, the sum of the meridian circumference and equatorial circumference must
remain constant as k increases, For k = 0.1, rigure 3C, Reference 14, gives the length of the
meridian between the equator and the pole as 1.530R'. The length of one quarter of the cquator
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circumference is 1,671R'., Adding thoso together, 3.101R' = 7R, or R' = 1.0133R. Similarly, for
k = 0.2, R' = 1,0201R, and for k = 0.3, R' = 1,03173R,

Now suppose the meridian cablea on one erd are cut at some radiusg, x, {rom the axis of
symmetry and the forces Ty, are applied to each cable as shown in Figure 121, In order to maintain
the equilibrium of the structure, the loading between the removed sections of cable and the fabric
must be supplied by some external means. This load on a circle of radius, x, i8 equal to ~nTy, 8iné
(the second term of Equation 2A, Relerence 14), From Equations 5A and 18A, Reference 14,

kP1R'2 | x3/(R")2
~0Tm8in 6 = =R (1-k)

2 (1 -k)
Uk e /) - i) - 55) Y
[+ @)y -w0]?

d(-nTpy, 8in 6) = kPa(R')3

-8 m

L

2\
N oneany N
v
i\

RN

—

r-

Figure 121, Structural Mode! with Cables Partinlly Replaced
by External Loads

Dividing the load differential by the area differential, 2x dx, the external pressure is

kP [[k + @/R) (1-0)] - K|
[k + t/r) (1K)

The structure with cables partially removed and external loads applied i shown in Figure

121, It is seen that the external pressurc is similar to the nerodynamic loading on a drag body, i
which case the shape closely approximates the shape the drag body of Figure 130 takes ander load.

.

The tangency point, %t, is determined from the assumption that the meridian cables are in-
extensihle. From Figure 120, the length of each meridian is seen to be

1507

~Tgg * tan 30| = 3.197R.

R
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From Figure 121, the length s

L
o (.__“.;g S om )
' R R' R' cos0y
where Ly i8 the length of arc betweenthe tangency point and the equator. Equating these two lengths,
3. 10 c ,Lml‘ Lt Xt
ANR = RIS B+ Rt Rcosey/

Equations 5A and 16A of Reference 14 give

-xtz Rz
sinby = SR (TR

For any value of k, x{/R' is determined by trial from the pbove two equations and from
Figure 8A, Reforence 14. When k = 0,1, it was previously found that R' = 1,0132R. From Figuro
8A, Reference 14, Lm,/R' = 1.53 and for a value of Xt/R' = 0.80, L4/R' = 0.20. The above
values satisfy the above two cquationsa for 6 = -34.2 degrees. Similarly, for k = 0.2 and 0. 3,
xi/R' i5 1ound to be 0.67 and 0.71 and 6¢ 18 -37.5 and -39, 2 derrees. The deflected shapes for k = 0,
0.1, 0.2, and 0.3 are shown In Figure 132,

The drag on the drag body s found from equilibrium of the juint between the meridian
cables and the riser line:

D = nTy, cos 6,

whe.e
91 =8y +00°,

Dividing by PrR'3,
2
RY . kcoBdy, =kcos (¢ + 807) = -k #in @y

(R')2

where
D

J = PaR?

Using the previously determined values of §; and R'/R, j i8 obtained from the above equa-
tion for various values of k:

) |

0 0
0.0678 0.1
0.128 0.2
0,204 0.3

The required pressure is determined by the allowable distortion of the drag body. Figure
122 indicates that at k = 0. 3 the cross section has departed considerably from the original circle
and this value i8 chosen arbftrarily as the limiting valuc. k is plotted as a function of j in Figure
123.

2. Hemispherical Ballutes with Tucked Back

In the hemisphere model, (Figure 124) the front half is a fabric hemisphere with no meridian
cables. The riscr line passes through a sliding fitting at the nose and is attached to the rear pole of
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NUMBERS ON CURVES ARE
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Figure 122, Deflected Shape of a Spherical Drag Body under Various Loadings
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Figurc 123. Cable Tension Parameters versus Drag to Pressure Force
Ratio for Four Drag Body Configurations
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Figure 124, Hemisphere Model Geometry

the model. It I8 necessary, therefore, for the rear half to have meridian strapa in order to carry
the riser line load. Because the straps do not extend beyond the equator, they must be bonded to

the fabric envelope. It i8 desirable that the model be a stable pressure vessel with no drag load |
{§ = 0), avolding the nceessity of controlling the pressure throughout the trajectory. ‘

The above requiremonts can be satisfied by making the rear profile one of the curves of
Figure 8A, Reforence 14, oxcept that such 4 shape would cause a discontinuity between the front
half and the rear half of Lthe model at the equator, (In the front half all the meridlan stress ia car-
ried by the fabric; in the roar half, part would be carried by the fabric and purt by the meridian
straps, In addition, the gore radil of the rear half would not match the eircular cross section of the
front hemisphere.) What i8 needed {8 a rear profile in which most of the meridian stress i8 carried
by tho atraps near the pole and by the fabric near the cquator, Such a membrane i8 not an isotensold,
but can be formed with the rosults ot the isotensoid annlysis of Appendix A of Reference 14, by
letting k vary with x/R,

Table 1A of Reference 14 gives values of the derivative of the profile curve in the case of
# = 0 for various values of x/R and k, n the caso of an isotensoid, the derivativeis plotted versus
x/R for a constant value of L dud the profile curve is obiainnd by graphical integration. A curve for
variablo k can he obtained in the same way by choosing the proper values of the derivative, The
following values are seleeted for tho rear profile:

x/R k dy /dx
0 0.9 0
0.1 0.8 -0.011
0.2 0.9 5. 0433
0.3 0.9 -0.0072
0.4 0.8 -0.1727
0.5 0.8 -0.2728
0.6 0.9 -0. 4046
0.7 0.9 -0. 5868
0.5 0.8 -0.9863
0.9 0.4 -1, 6981
0.95 0.2 -2.7579
1.0 0 -

Between /R = 1 and x/R = 0.95, the curve is closely approximated by a eircular arc of
radius, R. Between x/R = 0.95 and x/R = 0.7, the derivatives are piotted and the curve is obtained
by graphical integration. Between x/R = 0.7 and x/R = 0, the curve is the isotensoid for k = 0.9
and is traced from Figure BA, Reference 14, The resulting curve is shown in Figure 125,
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When 1 load i9 applied to the riser line, the rear half of the drag body must doform. De-
cause the deformation takes place primarily between X = 0 and x/R = 0.7, where the rear profile
is an isatensoid, the approximate deflecied shape for any given load can be obtained from the per-
turbation analysis of Reference 14, Entering Figure 3C of Reference 14 for k = 0.9 and p = 0, the
following values are obtained:

Lm/R = 1,325
yo/R = 0.B15.

1t is assumed that as the membrane deflects, the arc length of the moridians remains con-
stant, Supposo the deflection is such that p/k = 1/6, Entering Figure 3C of Reference 14 for
p/k = 1/6 and Ly /R = 1,325, it i estimated that k + p = 0,84 and yo/R = 0.543. The cquations
k+p=0.84and p/k = 1/5 give k = 0.533, p = 0,1067, The deflectlon at the pole is equal to
(0,616 - 0,543) R = 0,072R. Similarly for p/k = 1/3, the curve is defined by k = 0,36 and
#= 0,18, and the deflection is 0. 197R.

Using the method of astimating profile curves described in Reference 14, the deflccted
shupes are obtained and are shown along with the undeflected shapc of the drag body in Figure 126,
Beceauso all the risex line tension is taken out of the rear pole, p = j for this model. Using the
above values of A=) and k, j is plotted vcirsus k in Figure 123,

The curve for j = 0.18 i8 chosen as the mavimum useful deflection.
3. Optimum Design Ballutes

The optimum design 18 a two-pole type drag body, discussed in Reference (4, Equation 7
of Reference 14 hecomes

J =keosly +p

L
k cos by °

For a ram-inflated design, the definition of j becomes
(o

4 1y g bt

)= Ci, Cp,

where the drag coefficient and pressure coefficients are obtained from acrodynamic analysis for
various pointa in the trajoctory. The values of § thus oblalned In goneral arc not cqual for all points
in the trajectory, If this is the case, the value that is used to determine k I8 either a mean value or
the value at maximum dynamic pressure, whichever gives the lower drag body weight.

The value of ¢4 that is chosen depends on the desired shape of the front half of the drag
budy. If the nearly straight portion of front profile is desired to have a given cone angle, then a
value of 07 smaller than the desired cone angle must be chosen.

Knowing j and ¢1, k 18 obtained from the above equation and the rear profile shape is de-
rived using the analysis of Reference 14, Appendix A. The pressure distribution over the front of
the drag body must be known in ordes to derive the exrct front profile, but an estimated shape can
be obtained easily as described in Reference 14.

After the design shape of the drag body is obtained for the chosen value of j, the perturba-
tion analysis of Reference 14 is necessary to determine the behavior of the drag body for different
values of §.
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The above method is now applied to two typical design conditions. It is desired that the
angle of the straight part of the {ront profile be 40 degrees:

For the first condition the following values are given:
Cp =07
Cp, =1.0
Cp, =0
p =0
0,508 It follows that j = 0.75/1.0 = 0,758 Chuoalag a value of #y = 30% K = 0.75/0.860 =

For the second conditio: the given values are

Cp =0.7
CPi =1.0
Cp, =0

p = 0.75%

It follows that § = 0.75/1.0 = 0.75. Choosing & value of 6y = 359, k = 0,483 and = 0. 34,

4. Conical Ballutes

I '

- “ L
l

—xz

Figure 127, Tallored Geometry of Plain Back 80-Degree Cone

a. Convex Back 80-Degree Cone. The 80-degree cone (Figure 127) is constructed with a single-
ply fabric and meridian cables in much the same way as the spherical design. Inflation pressure is
maintained by ram air, which enters the drag body through a metal ring at the nose or through in-
lets at the equator. The metal ring also serves tn transmit the riser line load to meridian cables

and fabric,

The rear half of the drag body is an isotensoid memhrane having the parameters k = 0.5
and 2= 0. The derivation of this curve is given in Reference 14, Appendix A, and the curve is
shown in Figure 8A, Reference 14. The front-half profile is formed by the mirror image of the rear
curve between the equator and the point where this curve is tangent to an 80-degree cone, which
forms the rest of the front profile. This particular shape is analyzed here because it matches the

wind tunnel models that GAC has tested.
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In operation the pressure loading on the outside of the drag body varies {rom the nose to the
equator and is constant from the cquator back. The pressure distribution therefore satis{ies the
constant pressurc assumption that was made in the derivation uf the rear profile,

Precent design practice is to derive an isotensoid surface for the front half by approximat-
ing the variable pressure with a step-function distribution as shown in Appendix B of Reference 14,
A typleal curve resulting from such a derivation is shown in Figure 3B, Reference 14, This curve
has & concave portion at the nose, a portion that is nearly straight, and then a sonvex portion at the
equator. When a curve of this type s used {for the profile of a drag body, the radius of curvature at
the equator must be the same as the curvature of the rear profile at the equator in order for the two
curves {0 be compatible. Although the froni profile curve of Figure 127 was not derived as an iso-
tensoid, it has the same characteristics in that the curvature of the equator is the same as that of
the rear profile and the remainder of the curve is a straight line, Thc concave portion of the curve
is missing, but most or all of this portion would be in front of the inlet dlameter and would thers-
fore be cut off anyway. By choosing the proper presgsure distribution and nose angle, therefore, the
front profile of Figure 137 cun be appruximuied by an isvtonsoid surface with the same stresses as
the rear surface. If #t is assumed that the ruquired pressure distribution i8 close to the actual
pressure distribution that the drag body recelves in operation, it remains to determine the nose
augle, 0, of the extended curve.

The nose angle i8 determined {rom the requiroment that the slope of the curve is 40 de-
grees at the nose ring radlus of 0, 234R, Summing forces on the nose ring,

J“Tm + 2n (0. 234“)(] cos 40° = D, or dlviding by PsR? and substituting for f from Equa-
tion 1A of Reference 14,

[k + (0.234) (1-k- p)] (0.708) = §.
Fork = 0,8, p= 0, and § = 0.474, Fquation 7 of Reference 14 then gives
cosfiy = {/k = 0,848, or 8; = 199,

The value of 19 degrees is consistent with the requirement that the nose portion of the curve
is concave,

The value of J = 0,474 15 the only value for which the configuration of Figurc 127 is struc-
turadly stable, i j deviates from this value, the drag body changes shape until s new equilibrium is
raachad  The porturhation analvaia of Reference 14 is now appliced to detersaine the changus in §
correnponding to smuall chunges in the shape of the drag body, For this analysis, the radius, R,
is assumed to remain constant. l.ot

01 . 9.05. Equation 20 of Ref 14 gives S2™x . _o. 0383
R " U, . quation [4) oforonce gveﬂ—rl =U. .

Figure 3C of Reference 14 gives

Lim
-—R—r-n 1,402 for k = 0.5, p= 0.
Adding

dLyg, Lim
" L the new value of —-=

is 1. 364,

which corresponds to a value of k = 0.88, p = 0. It fallows that dk = 0.68 - 0.5 = 0.18. Substitut-
ing ri /R = 0.334, dk = 0.18, cos 6; = 0.768, k = 0.5, and
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dYOg
=" 0.05 intc Equation 21 of Reference 14,

dj = (1 - 0.234) (0.18) (0.768) - (0.5) (5. 05) (0. 265)} - {(0. 234) (0. 05) (0. 285)]
d) = 0,081,
and the new value of j is 0,474 + 0.067 = 0,571,

dy dlum
Let—ﬁ(k- = «0,06. Equation 30 of Reference 14 give R T = 0.0383.

‘The new value of

Lm,
R
Figure 3C gives k = 0,36, ar dk = 0.36 - 0.5 = -0. 14, Rubsiitutiny into Eauation 21 of Relerence

is 1,402 + 0.0383 = 1,440.

dj = (1 - 0.234) |(-0.14) (0.788) - (0.5) (-0.05) (0. 265)] - (0. 234) (-0.05) (0. 265)]
df = 0.074,
und the new value of § i8 0,474 - 0.074 = 0. 40,

Figure 128 showa the equilibrium shapes for varipus valucs of §. k {8 plotted us a function
of § for the 80-degree cone with plain back in Figure 123,

NOTE

NUMBERS ON CURVES ARE
VALLES CF j.

Figure 128. Equilibrium Shape of Plain Back 80-Degree Cone for Various Values of )
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b. Tucked Back 80-Degree Cone, The tucked design (Figure 129) 18 similar to the plain back,
except that the rear proflle has values of k = 0.4 and #= 0.3 {see Figure 5A, Reforence 14). Again
summing forces on the nose ring,

lnTm + 27 (0, aam)t] coRr 400 &+ T, = D, or dividing by PrR2 and substituting for { from
Equation 1A of Reference 14,

[k + @280 1 -k -p)] 0766+ 2 =},

r; = 0,234 R N 1
——_—--L

Figure 128, Tallored Geometry of 80-Dogree Tucked Cone

Substituting k = 0.4 and p= 0,83 and j = 0,660, Equation 7 of Reforence 14 gives
coafy = ‘Liﬂ = 0.901, or ] = 25,89,

As in the case of the plain back cone model, the tucked 80-degree cone (Figure 128) is
structurally stable for unly nne value of J = 0,880, Changes in § corresponding to small changes in
ghapo aro now detormined from the perturbation analysis of Reference 14.
dyor dLmr

R 0.10. Equation 17 of Reference 14 gives R = 0.0768, For k - 0.4 and

Lot

£~ 0.3, Figure 3C of Reference 14 givor

Y0, Ly Y0,
R " 0.128, " 1. 336, The new value of e is 0.128 + 0,10 = 0. 228,

and the new value of

Lmr

R

ork = 0.260 and p= 0.229. dk = (. 250 - 0.4 = 0.141 and d = 0.229 -0.3 = -0,071. Substituting
ak = -0.141, dp = -0.071, k ~ 4, »= 0.3, 6 = 400, ri/R = 0.234, and

dYOf
R

dj = -0.071 - [(0.141) (0.786)] + (0. 4) (0.10) (0.265)] - (0.234) |(-0.212) (0.768) +

= 0,10 into Equation 19 of Reference 14,

(0. 3) (0. 265) (-0, 10)
d) = -0.128, § + df = 0.532.
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dy, dLpy,
Let —!—:‘L = 0,06, Equation 17 of Reference 14 gives R L. = -0.5380.

The new value of
b/ Lm
-—:’:—is 0.128 -0.05 = 0,078, and the new value of —T!-L-Is 1,297,

Tigure 3C of Roference 14 gives k « P= 0.84, #/k = 0,680, ork = 0.5, p= 0,34, dk = 0.5
~-0.4= 0.1, mmddp= 0,34 - 0,30 = 0,04, Equation 19 of Reference 14 gives

d = 0.04 +[(0.1) (0.788)] - (0. 4) (0.05) (0. 265)] - [(0.234) (0.14) (0.766) +
(0.3) {0. 265) (. 05)|
d) = 0.085, § +dj = 0,748,

Figure 130 shows the equilibrium shapes for various values of j. k is plotted as a function
of j for the 80-degree cone with tucked back in Figure 123,

\ y0.745
A —0,660 (TAILORED SHAPF)
/ ]
S 'I-——o.:\az
i’
it
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W
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NOTE

NUMBERS ON CURVES ARE
VALUES OF j.

Figure 130. Equilibrium Shape of Tucked 80-Degree Cone for Various Values of j

§. Eighty-Degree Airmat Cone
The dimenslons of the Airmat cone are shown in Figure 131.

The Airmat cune Is formed hy two fabric cones which have the same apex but different cone
angles and are connected at the outer radius by a segment of a torus of cross scetion radius, r. The
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FITTING

Figure 131. Airmat Cone Dimensions

fabric cones are connected together over the remainder of their areas by a system of closely spaced
threads called drop threads. The drop threads are perpendicular to the 35-degree ling, and if ex-
tended would pass through the axis of symmetry of the drag body.

From the gecometry of Figure 131, it 18 seen that

0
_r_%m_ ?’5 = 8in 59, or-ﬁ- = 0.1318,

It {8 assumed that the drag results from a uniform acrodynamic pressure, P, over the
front of the cone. Itfollowathat P = Cpq. Figure 132 shows a degment of the drag body cut in such
Roway e nol Lo cut any drop threads,

40°

Figure 132, Loads Acting on a Segment of an Airmat Cone
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The thickness, tg, of the Alrmat at any radius, X, is given by

2x tan 6°
B emme—————— 5 O. 04 R
a 8in 380 304x
The cuter radius, xg, s equal to

X+ —%‘— cos 35° = x + 0.3;)4:‘ cos 360 = 1,126x, and the inner radius, xj, is cqual to

% - ta/2 cos 350 = 0.875x. Summing forces hovizontally in Figure 132,

cpgn R2 . x02) + PlAy = 27 (Xolo com 40° & xjfy cos 367

where Ay I8 the {rontal projection of the annular grea uver which the internal pressure, Py, acts.
Ay 18 equal to 7(xo2 - x{%) = 7x3 (1.125% . 0,875%) = ax2/2.

Substituting for xg, x4 and Ax,

2
Py
Cpar (R? - 1.68x3) + —5— = anx (0.8616, + 0.7581y).

Determination of the streases {,, and {; I8 a statically jindeterminate problem which is he-
yond the scope of this work, For purposes of determining the weight of the drag body, it is suffi-
clently accurate to assume that thoy are equal, The above equation then hecomes

a a Piﬂxz
Cpar (R4 - 1,266x°) + —y - 3. 24nxty

where {3 18 the meir1dian siivew lu vne shin, Treating the Airmat as simply a conical shell, the hoop
stross caused by the external pressure, Cpg 18 equal to approximately -Cpgx/cos 359, The sum of

the hoop stressos in the inner and outer cones 18 Pytg duc to the internal preasure, Py, Using a fac-
tor of safety of 1.5 on wrinkling,

1.6 Cpax
Pita = ~Cop 350

Substituting t = 0,304x, Py = 6,02 Cpq.

Substituting for Py into the equation of horizontal equilibrium,

Cpq (R2 + 1.74x2) = 3.24 xly
_Cpa(R%+ 1,14x2)  Cpqg

I -3k 3,25

or
(R2/x + 1.74x),

Suppose an element i8 taken out of the free body, as shown in Figure 133,

L == %j
_ /7?' L\! ‘r:-T_I T

. ~Zdx i { { 35

e
Figure 133. Taking Element from Free Body
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The total fabric arca of this element is approximately 2r(x; + x,) dx/sin 350, or 2rx (1.12% + 0.875) ‘
dx/0.574 = 6,997 xdx, The welght of this element (inevidian threads anly) is .

1 {F8) dA
W =g

|
(ansuming n constant factor of safoety throughout the drag body) where kg i8 the strength to weight !
ratio of the fabric as though it had two identical thread sets, Substituting for dA and fj, and using a }
!
|

FS of 2.0,

(2) Cpa (R2/x + 1,74x) (6, 99mxdx)
Wy = 137 (3. 24 RD) ‘

or “

8,17 Cpq (R + 1.74x2) dx
Wy, =~ 1 K¢ o

The actual drag body must have a rigid fitting at the nore. If the waight of this fitting is the
same as the fabric it replaces, the total welight of the meridian clements of the drag body is

R D
Wiy = jdw11\ = [ o ﬂ}‘r_cm (R + 1.74 x%) ax

or
8.77 Cpyq (1. 58) R®  10.7 Cpa R3

w ! — ]
m " ™ Kt

The sum of the hoop streases in the inner and outer skins was given previously as Pyty =
1.5Cpax/cos 350 = 1,83 Cpgx. Agaln assuming thit the hoop stress divides evenly between the
fnner and outer sking, fg3 = Pit;/2 = 0.915 Cpgx where 12 18 the hoop stress in one skin, The
welght of the hoop threads in this element s

f'
awyy = 2 (F5) dA
2 k¢

Substituting dA = 6.89nxdx, FS§ = 2, {g = 0,915 Cpax,

20.1 Cpq x2dx
Wy = ——

Again integrating from 0 to R,

RIS RNEA L
H kg o k¢ '

The total weight of the Afrmat cone is

17.4 Cpq R3

W = ke

8. Torus With Curtain

A general analysis of the torus with curtain is given in Reference 14. For simplicity, a
uniform pressure is assumed to be acting over the front side, producing a drag equal to D =I’1|R42.
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1t follows that P = CDq.

The curtain profile choden is a constant pressure {sotensoid membrane having the para-
meter k = # » 0,45. Equation 34 of Reference 14 gives

Re/R = VP = 0.611.

The torus cross scction radius i chosen equal to R4/12, and the nose radius I8 equal {v
R4/B. The resulting drag body profilc & shown in Figure 134, in which the eccentricity of the cur-
tain load on the torus is made approximately zero by placing the center line of the torus cross sec-
tion on the skirt profile curve, The profile curve intersects the torus at x/R = 0.51 and # = 32, 30,

The meridian stress at any radius, x, i8

nT
f1 =«f + —-—“:’
or
R‘/R
|
r/R
~
\

0 \\

. \
\
N \
N i \

- — ot v o ————

0 0.1 0.2 0.3 0.4 0.5 9.6 0.7 0.8 0.9 1.0
x/R

Figure 134. Profile Curve of Toruvs with Curtain Drag Body
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Substituting 2{/PR = 1 - k - p (Equation 1A of Reference 14) and k = nTy,/PrRE,

af kR
PR okop e
Substituting k = p = 0.45 and x/R = 0.51,

2

- 0.1+ 2852 0,082
ar

1 = 0.491 R,

The radial componont of this stress is f| cos 22,39 = 0,455 PR, 'The radial loading pro-
duces a compressive load in the tarua equal to (0, 466 PR) (0, §IR), The preaaura load nn the torus
cross soction is Pyrrg4, where Py s the torus pressure, Using a factor of safety of 1,6 to prevent
wrinkling,

Pyrry2  (1.5) (0. 456PR) (0. 51R).

It was previvusly given Lhat ry = Rq/12 and Rq = 0.671R, which gives rt = 0,066R. Sub-
stituting into the ahove equation,

p (1.56) (0. 455) (0.51)P
t = 3
7(0, 058)

= 35, 3P =30, 3 Cpq.

The principal pressure stresses in the torus are approximately equal to Pyry = (36, 3P)
(R4)/12 « 2,94 PRq and Pyry/2 = 1,47 PRq. In any specilic design, the torus would have to be
checked [or olastic stability under the vadial load. Elastic stability is not considered in this para-
metric study because of tho difficulty of prodicting the elastic properties of the materials in para-
i iv fuaia. This 18 not believedtoaflect the total weight of the drag body, however, bocause if
buckling 18 encountered {t can be correcied by Incronsing the value of ry/Rq. A higher value of
rt/R4 would result In more torus area, but this would be compennated by u lower torus pressure,
resulting in approximately the same torus weight,

7. Waoight Analysis

a. Ceneral, In analyzing the weights of the various configurations, it I8 nesumed that the
critical point in the trajectory orcurs at maximum dynamic pressure.,

L. Isotensoid Shapes, The weight analysigr of isotensold drag bodies is given in Reference
14, Equation 35 of Reference 14 gives the weight of the fabric envelope us

We = BD(AL/TR?) (1 - k -p) (F8)
f ]

For the Isotensold shapes considercd here, the fabric area, A¢, I8 approximately 47R2 and
a factor of safety of 2.0 is used. Substituting j = D/P7R2, the fabric welgnt expreasion becomes

(1. k-
wy = APIR (fl k-p)

Equation 37 of Reference 14 gives the cable weight as

RD (FS) 3 |6) )

w, = e .

Substiluting D = jPrR2, and FS = 2.0,
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ol

yerm 3 (£) ()]

ke )
The total weight is glven by

w0, 2 2 [0 @)
2283

Wc—

W = PaRd

ey

kg (¢

(1) Sphere. For the sphore that ¢ analyzed in the Stress and Doflection Analysis section,
p=0, k = 0.3, and } = U.204. The aplicre is equipped only with meridian cables, whose tension
is Ty and whose length ig 3. 187R, The quantity

nT
Z[(%) (—'g-)]u therefore equal tu (3.107) 5~ o (3.197)(—,‘5-) The expression for total

weight becomes
(4)(0.7) . 2(3.197) (0,3
W s pm’[ Tt ke 1]

- s [3.8 1.9
W = PrR [-Ei + -—-—-—kc

(3) Eigit -Degree Cone with Plain Back. For the plain back cone, p = 0. It too has only meri-
dian cables tﬁ'g Tength of which is approximately 7R, The quantity

Z [(%-) (‘%‘)] becomnes approximately -%!5- « Tho total weight expression becomoes

4(1-k) |, ank

3
W = PrR kf ke

(3) Eignty-Degree Cone With Tucked Back. The tucked back cone hus u center cuble us wull
as meridian cables, The center cable longth s upproximately 1.2R, and its load is cqual top PrRE,
The yuantity ¥ [(1/R) (T/D)] for the center cable and the meridian cable is equal to (1. 2p) (}) +
(7k)/(}). The total woight oxpreasion becomes

. 3 |40 -k-p) 3(1.2p+7k)
w PnR[ K + {c

{4) llemisphere. The apherical surface of the hemisphere (all of the {ront half and the rear
half between x/R = 0,986 and 1,0) has a stress of approximately PIt/2 if the aerodynamic pressure
ia amall compared to the internal pressure. The rear surface of the drag body requires lighter fab-
ricthanthe spherical area, but must have meridian straps also. If it i8 assumed that the weight of the
rear surface between x/R = 0 and 0. 85 |s the same as the welght of u spherical scegment of fabric
alone, the weight of the drag wiy 18 the samo as the welght of a sphere containing pressure, P. The
fabric weight per unit area iz equal to PR(FS)/2kf, avd the area 1s 41R2. Using a factor of safety of
2, the total weight of the fabric is

4PrR3
W = T
where
Cpq _C
P = - _0_%_
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(6) Torus With Curtain, The fabric stress in the curtain 18 given by Equation {1A) of Referonce

4.

21 : PR
-Fﬁ=l-k-p=0.1mf=*g0-.

The curtain area is approximately 0. 57R2. Using a factor of safety of 2.0 for the fabric,
the fabric woight is

w, - PR/20) (0. 67RE) (2) _ PrRS
r- k¢ 20k
The meridian cable tension is cqual to nTy, = kPrR? = 0.45PrR for all cables. The length of one
cnble is approximately 0. 85R. Again using & facior of safety of 2.0, the cable weight is

_ (0.45P7R?2) (0.85R) (3) 0. 5(:(5%3 .
- ke i 2

W

The total weight of the curtain is

3/{_1 0.585) o pR.S (_0.519 gﬂ)

Weurtain = PR (imq * ke PRy ke kg .
The torus area is upproximately equal to (2r) (0. 08R) { 2urt),

or

2n (0. 56) (0—1%;17-1) (an) (RT‘%—) - 2,9 Ry

The atresses in the torus were found respectively to be 2,94 PR4 and 1. 47 PRg . The
weight required la the same o {f both streascs were equal to the average value of 2.2 PR4. Using
a factor of safety of 2, the torus woight is

w (2.2 PRg) (2.9R4%) (3)  12.8 PRY®
lorus " PN " Kf s

and the total weight 1a
13.3 R 8,07 )

Woo PR (12 4 52

Where
P = Cpa.

(6) Airmat Cone, The weight analysis of the Airmat cone is given in C4 of this section.

C. THERMODYNAMIC CONFIGURATION ANALYSIS
1. General

Aerodynamic heating of thermally thin spheres and blunted 40-degree half-angle cones at
altitudes from 60, 000 1o 200, 000 feet and at Mach numbers from 2 to 10 was analyzed. The analysis
included the cffects, if any, of a forebody and considers turbulent and laminar flow. Test data from
GAC Mach 10 Ballute tests at the von Kdrmdn Gas Dynamics Facility, Arnold Engineering Develop-
ment Center, was usecd to determine effects of a forebody on aerodynamic heating.

The objective was to provide temperature information to assist in functional, structural,

and environmental design optimization of a Ballute used in the specified initial flight envelope whare
the initial velocity is downward.
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Re-ontry trajectorjes were obtained from computer atu{ltes conducted by GAC aerodynami-
ciota for ballistic coefficient W/CpA of 1, 10, 50, and 100 1b/it for each of the four corners of the

inftial flight envelope.
3. Method of Analysis

A. Connection To a Drag Body. Two configurations were analyzed for the drag body (Ballute):
(1) a sphere and (3) a biunted cono with a hall angle of 40 degrees. The drag body will be attached
by a long cable to a forebindy of unknown configuration.

The effect of the forebody on the acrodynamdc heating of the drag body is presented in
Figure 135 and ia based on a review of the data obtained during the GAC Mach 10 Ballute lesio at the
von Karmin Gas Dynamics Facllity, Arnold Engineering Development Center. The heat flux to the
forward portions of the dray body 18 reduced due to the furebody and cable reduction of alr velocity,
whila sk hant fhev te Lhe walRt and Lratling edge of the drag body is increased due to the added tur-
bulence. The duta presented in Figure 135 is presumed to apply to the sphore as well as tho blunted
cone In either turbulent or laminar flow throughout the {light envelope.

bulent flow, based on a transaition Reynold's number of 500, 000 for the flight envelope., Note that
torbulent flow 18 a very dofinite poasibility. The 1968 ARDC Model Atmosphere i8 used in all calcu-

lations involving atmospheric properties,

c. Laminar Heat Flux and Temperature Distribution. The laminar heat flux and temperature
distributions on & biunted cone and sphere are preseated in Figures 137 and 138 respectively. The
heat flux distribution without forebody are based on Relorence 25; Figure 135 waa then used to obtain
the heat flux distributions with {>rebody. The temperature distributions were based on a thermally
thin Ballute without internal radlation. The base point for tho heat flux and temperature distributions
is tho stagnation point.

d. Turbulent Heat Flux and Temperature Distribution. The turbulent heat flux and temperature
distributions on a blunted cone und aphere are presentod in Figures 139 and 140 reapectively. The
heat {lux distributions without forebody are based on Roference 26; Figure 138 was then used to ob-
trin tha heat flux distributions with forebody. The temporature distributiona, as previously men-
tioned, were basied on a tharmally thin ballute without intornal radiation. The base point {or the hoat
[lux and temporature distributions {8 an 8/1tg of two for the blunted cone and an 8/Rg of one for the
Rphere.

e. Base Point Heat Fluxes and Temperatures. The base point heat fluxes and temperatures are
presonted as a function of the aftitiude and veloclfy in Figures 141 and 142 respoctively. Thesc
figures also show the effects of body size on heat flux and temperature and the effect of emissivity
on temporature.

Tho laminar flow base point heai [lux is based on Reference 3 and may bs summarizoed as
Q0R0°-5 = f1 (altitude, velocity). {8)

Since the Ballute i8 thermally thin and internal radiation i3 neglected, the ubove heat flux
must be radiated from the Ballute, thereiore:

Q@ = eeTy’ @
or

Qoﬁoo‘5 =0€ R00‘5 ’I‘o‘ = {1 (altitude, velocity) (8)
and

(c Re 3 'ro‘) 0.25 = €0.25 p 0125 ¢ . 15 (altitude, veloeity). )

o
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Equations (8) and (9) are plotted in Figures 141 and 142 rospectively.

The turbulent flow base point heat flux is based on Reference 23 for a 40-degree half-angle
cone ut a distanco from the nose of 2 feet, and may be summarized as Qs - 2 1) = f3 (altitude,
velocity). (10)

The specified heat flux in the above equition is equal to the general heat flux (any value of
8} multiplied by a distance correction factor (to correct to an S of 2 foot):

o (S)02%
33 —2" - iy (aull\uu', J.'l(vdty). (l])
For the enndition wherein 8/Ry ~ 3, or 8/2 = Ry,

0-3 _ ¢t (altitude, velocity) (12)

Qs/Ry = 2) Ro)* 2 = ac Ro

Note that Q¢ is based on an 8/Rg of 2 for the blunted cone, Reference #2 indicates that the
heat flux, Qc, at an S/Rg = 2 on the blunted cone 18 equal to the heat flux, alac Qg, at an 8/Rg =1
on tho sphere. Again taking the Balluto as thermally thin and neglecting internal radiation, the
above hoat flux must be radiated from the Ballute, therefore

Qc = eeTct (13)
or

Qcﬂoo'z = cnltgo‘2 'I‘c4 u fg (altitude, velocity) (14)
and

('no“ 'rc") 0.26 _ (0.38p.0.05 . o 14 (altitude, velocity) (15)

Equations 12 and 15 are plotted in Figuros 141 and 142 rospectively.

f. Examplo Problem, First it must bo determined if the flow 15 laminar or turbulent at the de-
aired point, 8;Rg w{ &, ¥, This mayv bo detormined with thu uid of Figure 138, Fntaring thia chart
the aititudo and volocity atated in the problem, 130,000 foet and 8000 ft/sec respectivoly yield o
valuo of 2 8 foot for 8, the distance between the stagnation point and the transitlon polut on Lthe body
where this flow change ocours,

LY
o %‘b‘)&é
o
e A
«Qo\e"
2 -
»
Na ]
\yﬁ* s Ro

STAGNATION =
POINT

In this problem, thc waist radius given was & feet. Considering blunt cone Ballute configur-
ations, this then fixes the nose radius at 1 foot. At the point of investigation, §/Rg = 6.5, With
Ro = 1, S is, therefore, equal to 6.5 feet. Since this distance is greater than the chart value 2.6
feet (location of the transition point) the [low is turbulent.
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The temperature at point S/Rp = 6,5 can now he found by uring the turbulent tlow curve of

Figurc 142, Kmering this curve at given velocity-altitude points wives a Ty, 0-25 Ro%05 value
equal to 3000°R-110.03, Uaing the given value of emissivity (¢ = 0.9) and the nose radius of 1 toot,

the hase temperatuie is fovad to he
Tc(0. 9% 25(1)0- 05 . 30000
Tc(0.9874) (1) = 3000°R
Tc = 3080°R,

Using Figure 139 and (he S/Rg value of 6.5, T/Ty {5 found to be 0,940, The lacal tenpar-
aturo is therefore 0, 940 x 3C80V"R = 2895CR (2438CF),

g. Trabjectorz‘ and Temperature Limit Parameters, The temperature limit parameaters shown in
Figures 143 and 144 {ndicate the availuble sule margin of opcratior attalnable for particular Ballute
drag systems deployed within the intended {light envelope. The equilibrium temperature limits re-
present the thermally critical areas on each of the Ballute conligurations in laminar and turbulent
flow. Transition Reynold's number for these studies, as was previously mentioned, was assumed
at 5 x 105 based upon freestream conditions.

Increasing the reforence radius is reflected in increased altitude margin of operation with
subatantinl benefits being realized In laminar flow. The plota are secn 1o terminate in the vicinity
of Mach 4, 5, the totul temperature at this velocity being insulficient to create o thermal problem,
Internal radiation was not taken into account in preparing the temperature thuit parametern. Radin-
tion interchange studies show that the radiation equilibrium surface temperatures can be reduced in
axcosn of 1009 for those applications, with the resulting limiting altitude parameter belng lowered
approximately 5000 feet for n 1500°F limiting tempoeraiure,

h. Comparison with Preliminary Study. A spiked body was used for the preliminary analysis
(8ection 8) in the absenco of definite Information concerning drag bodies. Bubsequent tegting of drag
bodios demonatrated that spiked body data s not applicable to drag bodies. The initial shock wave
from the spike generally tmpinged upon the spiked body, produeing a highly turbulent reglon with
resulting high heat flux. The shock wave from the forebody did not lmpinge upon the drag body, while
the wake prevented the atrstream from recovering free-stream velocity downstream of the forebndy,
theraby partinlly shielding the drag body from the higher envrry flow,

3. Conclusions and Recommendations

Figures 135 through 144 may be used to prediet the local fabric temprerature for Ballute
configurations deployed within the flight envelope under consideration.

The wind tunnel tests conducted Indicate a reduction in the heat transfer rates to thedrag bodies
inthepresenceof forebodies, However, additional testing is recommended to determine the conditionr
causing turbulent flows and to encompass the velocity regime hetween supersonic flow and Mach 10,

More preeisie thermal caleulutions should be in arder for any specific Ballute configuration,
with design optimization being destrable in cuses of marginal heating,

D. AERODYNAMICS

1. General

A final aerodynamic discussion of the combined results of all of the contract wind tunnel
tests is presented, Data from Reference 24 plus recent unpublished data of wind tunnel tests con-
ducted by the Large Supersonic Tunnels Branch personnel at NASA Langley Station, Virginia, is also
presented, These recent NASA tests (Refercnee 25) were supplemental to Referonces 24 and 2, plus
this contract effort and consisted of supersonie tests of towed solid conical models. The NASA tests
were conducted between this contract's schedule tests of September 1961 and 1962,

Ar remilred per contract, analytical and experimental acrodynamic data was obtained over a
range of Mach 0.2 and Mach 10. The Reynolds number range was between RN ‘ft equal to 0.96 x 10
to 6 x 108/ft. This rance of wind tunnel test Reynold's numbers Lhat would be experienced in the
contract flight performance envelope is shown in Figure 145,
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2. Flow Behavior
'I'he concept of the boundary layer is used to oaplaln the flow behavior around the model.

Buundury layer exporionces transition from Jaminar to turbulent under tho influence of
Reynold's number and Mach number among other factors. The teats were conducted in u range of
RN and Mach numbers that suggoesat turbulent state of boundary layor with possible transitional re-
glon veeurring at cortaln times. Separatton of the boundary layer I8 produced either by the changes
in geometry of a model or by shock wiave intersection, Tha configurations investigated indicate se-
paration due to fence and shock-boundary layer interaction. Large adverse pressure gradient im-
posed by the shock thickens the boundary layer, makes it turbulent, and separates it from the model,
which in turn increnses the thickness of the wake. Increase in drag i8 realized which has {rictional
nature.

After the separation accurrence the turbulent (or laminar) separated region is steady pro-
vided the turning angle of the flow (or surface deflection angle) i8 not high.

The 4. 9% or 8,25 porcent {fence achleves separation at a point (30 degrees aft of a model
cquator) of the most aft position. This vosition {8 significunt because of the foree equiliorium exist-
Ing therv, which assures the steadiness of the region, As a result the drag is consiant for a given
model cunfiguration within the suporsonic velocity range. The increase in the height of a fence may
favorably influence the drag of a model, but stability will decrease due Lo unsteadiness of the sep-
arated region.

The pressure risec i the steady soparatoed rogion 18 close to that in inviscid flow behind the
oexpanded shock gince downst '‘eam of the reglon tho flow is agaln prrallel to the bounding svriace.
Thus inviscid flow preasure rise can be used to estimate the pressure rise across a separated
reglon.

Generally the drag of the configurations conridered consista mainly of the pressure drag
with small contributions from the skin-~friction drag.

3. Drag Resulls

A sunumary curve of all of the apnlicahln drag data i@ precentcd In Figure Yab, The shaded
portions indicute the euvelope of vapurtimental wind tunnel data. The nflatablo modol data falls
within the shaded area. Tho cnvelope Hmits of the supersonic teats were oblained from the sulid
model data in References 28 and 2.

Figure 147 presents data from Reference 25; the data shows the effect of fncreasing the
8iz0 of the burble fence up to 10 percent. A 15-percent burble fence was also tested. The daty Is
not shown because of reported questionable stability in its towed position,

The ¢oimbincd reoulte of al! applicsble tests indicate the following:

(1) Inflatable model results show reduced drug coefficients at Z/d ratios below 6.,

(2) Inflatable model results show peak drag coeificients at £/d ratios of 6 to 8.

(3) Inflatable model resuits show percent increase (or decrease) at £/d ratios greater than
8 18 small in the supersonic range.

(4) Drag data results of inflatable (ram-air and preinflated) models i equivalent to solid
models which demonstrates feasibility of inflatable devices.
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E. DESIGN
1. Design Conditions and Assumptions

The welght and bulk study of the various coi fipurations was made utllizing the trajectory
data of three of the four slurting points of the perfor rznce envelope as presented in Figure 1, Theso
starting conditions were:

{1) Mo = 10 at 200, 000 feet
(3) Mg = 4 at 120, 000 foet
(3) Mg = 4 at 70,000 feet.

The materiale oliwiduied in uiv sluay were coated Hene 41 cloth and Dacron-nooprene fab-
rie, In condition 1, where the temporature wauld he high, the temperaturc was arbitrarily chosen
to afways be at 1500CF, In conditions 2 and 3, at Mg = 4, the temperature was assumed low enough
to use elther Dacron-neoprene or René 41, The strongth-weight ratios used in these conditions were
therefore:

Condilion 1 K = 2920 feet
Ren 41 at 15000F

ke = 32,100 feet

[+

Condition 2 and 3
ki = 7920 fuot
ke = 61,600 oot
~x{ = 26,700 foot
ke = 37,500 foot

Rend 41 at LOOVF
Ducron at 3800F

A factor of aafety FS = 2 was used throughout the study. Based un tho wind tunnel resulis
at Mach numbers 4 and 10, 1t was oatimatoed that at the conditions of peak () along the lLrujoctories
the drag coefficlent would be approtimately 0,75, Thercfore, for consistency, u Cp = 0.7h was
choagn for all cases, 1t 18 polnted oul that Lhe Cp value ¢he von for the design defines the ahape aod
Htrosges in the particular confipuration (sen Section 8),

Total weights (W) chosen for the study were 250 pounds and 760 pounds, The four ballietie
cuelficionts (W/CpA) of 1, 10, 50, and 100, as used in the trajectory amilysis, were also chosen,
Since the payload drag aren (CpA)p is small compared {o the decelerator drag arca (CpA)p, the
remainder of the dealgn discussion nssumes CDA = (CpA)1 =« (CDA)D.

The inflation pressures used for the closed pressure vessel conliguration, namely sphere,
hemisphero, Airmat cone, awua torus with curtain, are a function of a peak dynamic pressure(y) as
dofined for cach particular case in the examples presented in Section 8-B. For the rain-air con-
figurations the inflation pressure was assumed as P = q, which s adequaiv lu ussure full inflation
of the model, Since the Langley wind tunnel tests indicated that higher intornal pressure values of
¢ were obtained, i i8 furthor assumed that & gage pressurc relief valve will be provided to hold the
maximum internal pressure cquai to the peak q along the trajectory, In addition it was assumed
that the static pressurc in the wake aft of the Ballute 18 equui lo zero. Therefore, the internal pres-
sure is equal to the pressure differentiul across the fabric,

Since the pressure dilferential across the fabric, which is egual to q, is the peak structure
design load, the selection of the weight of the decelerator structure {8 baded on a specific high-
level dynamic pressurce. For the remainder of the design study it is important to note the following:

(1) Ballute weights in Table 31 were based on the q load at a peak temperature of 15000F,

which was the most critical condition,
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Table 31. Weights of Various Concepts for One Trajeciory Condition (Sheet 1)

INFLATION
CONFIGURATION WEIGHT EQUATION P/q k | p pnms(sm§E - P
ps!
80-Degres Ballute, | wp = Prid |4k, %:ﬁ] 1.0 |08 | - 2
Plain Back { ¢
80-Dogreo Dallute, | Wp - papd |41kcp) , 329 + o) ] 1.0 10443 10. 34 230
Tucked Back S e
- prrd |4k dmk a.68] 0.8 . 847
Sphere Wp = PR —‘h—l e ] . .
a
Homisphero wp = ‘—';—‘;R— 418 - | -- 958
g RS
80-Dogree Airmat | wp = 114 CD4R 4.6 - | -- 1040
Cone kg
Torus with Curtaln | Wp ~ PR3 [3%‘—3 + “ﬁf"] 26,5 | -- -1 6100
CONDITIONS
W/CpA = 40 Cp = 0.78 A = 18.5 12 ke » 2020 fi
Mg = 4.98 Diametor = 10 It q ~ 230 psf ke ~ 32,100 ft
he = 133,000 ft W - 2358 Ib F$ =2 Coated Rono 41 at 15000F
0 ' Package factor = 28,8 1b/ftd

(2) Deatgn curve weights (Figures 148 and 140) wore bused on the peak q veurringal a peak
tomperature of 1800"F alung the doscent trajectory. This assumption 18 conservative
since the peak q usually occurs after peak temperature, and honce the doecelerator struc-
ture doea not have lo support this peak load at its lowest strenglh-to-welght ratio.

2, Configuration Weight and Bulk Comparison

The weight and puckage volumes as presented in Tabe 31 were calculated for the six con-
cepts considored at one trajectory condition of

Mg = 4. 68
hg = 133,000 feet

" .
&pA =
W = 2355 pounds.

This trajectory candition, which is diffcrent from the conditions stated above and different from the
conditions chosen for the acrodynamic analysis, wus arbitrarily chosen for this particular weight
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Table 31, Weights of Various Concepts for One Trajectory Condition (Sheet 2)

CABLE INFLATION | DECELER-
DECELER~ | VOLUME PV GEAR ATOR
ATOR (1% (Ib-1t) | WT (lb) WT - W
WT (1b) (Pour i8
32 .o . 32
36 -- -- 5
278 523 443, 003G 49 kPy
420 471, 3 466, 000 40 400
108 108, 1 115,700 40U 124, 0
84 15,62 96, 400 1.1 95,1

PACKAGE VOLUME (FT3)

DECELER- | INFLATION | TOTAL
ATOR GEAR

7 1.2 nn 1.2
1.3 - 1.3
9" 1.6 11.2
14,6 1.6 16,1
3.7 0.4 4.0
3.0 0.3 3.3

and bulk table in order to soloct a point within the prescribed performance envelope where the tem-
perature would fall within the tH00°F limit, Sce Figure 180,

The mintmum Hmiting dlanieter of 10 feet, as determined in Section 8-C, was chosen. This
diameter and the W/CpA, for which data was available, determined the weight (W), of 2368 prunda.

Coated Rend 41 at 15000 F wos the matertal considered and as proviously stated, Cp = 0. 5.
From the trajectory data of Reference 1, the q at puuk temperature = 230 psf, which occurs at
110, 000 foot altitude,

The packaging factor used for ealeulating volumes of tho Dallute alone j¢ 28, 8 1L/H%,
value was obtalned for metal cloth packaging tests,

ey
4 240

Weight and volume of the iuflatlon gear were estimated on the basis of 3000-psi fiberglass
sphere boltles with compressed air.

Frum Table 31 the ram-air configurations offer the lowest weight and package volume.
Based on this and on the satisfactory wind tonnel results, the remainder of the weight study is con-
fined to the 80-degree ram-air Ballute, The Ballute with a tucked back was not considered further
in the weight study because of limited experimental data. During a subsonic wind tunnel test run here
at GAC, the tucked Ballute did not remain conical {n shape. The model took the shiape of a torus.
During run No. 15 (sce page 58) of the supersonic tests, the tucked Ballute did remain conical in
shape. The reason for the shape {nstability at subsonic speeds can not be clearly defined. However,
one suggested reason is that the tie-line inside the Ballute, which ties the model nose to the back end,
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restricted the length shape change, and honce {f the internal pressure load 1s {n excess of the exter-
nal alr load the inflated mndel takes the shiape of a body-of -revolution, in this case o torus,

3, Desipn Curves

Figure 1561 shows the penalty of the 8U-degree Ballute made of Rend’ 41 at 16009F compared
te Ducron at 3500F, The inflation preasure chosen in 230 psf, and the parameters PJ/q =1, Cp=
0.73, and F§ = 2 are as wore discussod above,

The cuntour shape factnr for the 80° Dallute 18

aT
K= -——«P ;'{'2- = 0,865 (Reference Scetion 8-}
"

The stvenglh-woight ratios tor these materials are

ke = 2020 feot Rend 41 gt 150009
ke = 33,100 foot

k¢ = 26,700 feet
Dacron at 350°F
kp = 87,600 foot

Figure 152 {4 plotted for Ballutes designed for the pressure relationship of P/q = 1, The
graph may bo used to determine weights at any pressure P by diroct proportion since

Wpp = constant x (PR

In Figure 162 the weight ofa oné 41 8u-degrov Ballute I8 Rhown versus size at various q's at a
tomporature of 1860F, duporimposed onthis yraphis aplotof welghts of Ballutes conatruetedof cloth
Bandu minimum-welght cloth, Cloth It (8ec S8ection 8) roprosents nearly the maximum-weightgingle-
ply cloththal canbe mide, The minimum-wolght cloth is 1 0, 0016-inch diameter woven 200 x 200 mesh
cloth withtho coating weight of b oz/vd, giving a total wolght of 1002/ydd, Although cloth welghts may
be reduced with the development of clothe utilizing 0. 0008 -inchprolocted dinmetor wire, it is assumed
horo that coating woights cannot be reduced auhstuntially bolow 8 oz/yd3, The Ballute welghts wero cal-
culated with the addlition of meridional cable woights compatible with each diameter,

The band between the welght curves of cloth 71 and the minimum cloth represents the pro-
jected rango of Ballute size which can be built for the 156000F,

In Figure 163 the membranoe stresn level of an 80-degree Ball'te \s shown versus size at
various inflavion pressures,

Figure 148 presents the Rend 41 80-degree Ballute woight to total system welght ratio,
WD/W versus W/CpA, for 3 starting conditions. Payload weights of 250 and 750 pounds were as»
sumed. The strongth-weight ratio empioyed in calculating welghts was based on 1000F for the Mach
4 conditiona and 1500°F for the Mach 10 condilion. The curves indicate u reductlon in wolght with
Increasing W/CpA since the R term decreases more than the pressure P increases in the welght

equation:

Wp (decelerator weight) = constant x (PRI),

The curves also indicate a reduction in weight ratio with decreasing total weight for a given
W/CpA and pressure, 1t can be shown from the weight equation that for a given W/CpA and pres-
sure P

W = constant x W,

CpA
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y The curves {urther indicate that the Wy)/W ratio becomesa prohibitively high at low values of
W/UCpA.

Figure 149 presents the band of Ballute welght raties of Ballutes made from the same range
of cloth weights as shown in Figure 153 except that the data I8 plotted as Wp/W ratio versus W/CpA.
1t can be shown that in dividing the Ballute weight Wp for a glver cloth, which is proportional to
{d' )4, by tho total weight W, which is proportional to W/CpA x (d 13, tne (d°)3 term cancols out
leaving

Wp/W =(conatant x)3/(W/CpA).

This ladicates that the Wp/W ratio for a particular cloth is a function of W/CpA only and {8 indepen-
dent of tho total weight W, Included in the graph are the two Wp/W ratio curves for the /g = 10
starting condition which were presented in Figure 148, The interaection of either of these curves
with a cloth curve gives the corresponding W/CpA, which defines the Ballulu size for that particular
total weight W and cloth material. This graph indicates that the ballistic coofficient W/CpA must be
fairly large in order to obtain a reasonably low Wp/W ratio,

Figure 100 ahows two of the {empeorature limit curvos shown previously in S8ection 8-C,
They show Lthe 1H009F Wmit for the turbulent {3ow condition for a 10-foot dis.ucter and for a 100-foot
diameter conical docelerator, Above the 10-fool dlameter curve are drawn four trajectories which
fall just withii. the 18000F limit for this aize Ballute, The trajectory for W/CDA = 40 was tahyn
trom Reference 1, The other three trajoctorias for W/CpA = 6, 10, and 20 were calculated by a
hand iteration proceas (successive incremental approximation). The estimatod error of these alti-
tude velocity trajectories is lesa than 4 percout of the computer results,
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SECTION 8
CONCLUSIONS AND RECOMMENDATIONS

A. GENERAL
It is conciuded from the destgn and pertormance information obbiined during this investiga-

tion that an inflatable hailoon 18 a feasible stubilization and deceleration dovice and will perform
sutisfactorily.

Sinco the main objective of th program was t2 obtain optimum drag device design informa-
tion, the following concluding statements are preaented,

B, DESIGN REQUIREMENTS (CONSIDERED OPTIMUM)

The following list of design requirements was bused on the results of the analytical study,
the exporimental tests, and the subsequent final design study,

(1) Usn & ram-air Ballute configuration wilh a plain laotensotd aft end.

(2) Provide an apex nose angle of 80 dogrees,

(3) Provide a 10-porcent burble fence locuted on the decelerator equator.

(4) Provide side ram-air sercened Inlets (lnleis mny be orifices on the burble fence),
(5) Muku the dinmoter of the Ballute greator than the diamaeter of the payload.

(6) Make tho longth of tho tow e 6 to 8 thues tho payload dinmeter to obtain maXimum
drag.

(7) Doslgn he fabric structure based on the most adversoe of the following loading conditions:
{u} Fubric difforentinl pressgure lond at peik tomperatuie couditions,
() Fabric differentinl pressure lond at peak g condition.
(8) Provide pressurc relief valve to control internal Ballute pregsure when required.
C. REASONS FOR DESIGN PARAMETER SELECTIONS
(1) Ram-air inflation eliminates heavy, Lulky hardware.
(2) Ram-air inflation eliminates ucwr 100 percont gaa-tight material requiroments.

(3) An 89-degree apex nuse angle i the most blunt (high drag) body that exhibits ¢xcelleat
stability in ita towed position behind a forebody.

(1) A 10-percent hurble {ence provides maximum drag (up to Cp = 1.3 in the Mach 210 5
speed range) without penalizing stability.

(5) Side ram-air inlets provide pressure for full Inflation of the Ballute at subsonic., super-
sonic, and hypersonic speeds.

D. RECOMMENDATIONS

Since Bullute decelerator performance has been shown {easible, it 18 recommended that
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actual (ree-flight Ballute demonsatratiun teste be conducted in the Mach 4 to Mach 10 flight regime,

In addition there is need for other development projrams to obtain usable system hardware
in the field of inflatable structurea for reo-entry and recovery, They aro as followa:

(1) Obtain additional René cloth information,

(3) Investigate further the use of rafractory and super-alloy materiale,

(3) Investigute influinble trailing drag bodies at £/d = 0.
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APPENDIX 1
RAM-AIR BALLUTE SHAPE STABILITY ANALYSIS

The instabilities exhibited by the ram-air inflated Ballute and its ultimate failure during
the Serles 1 wind tunnel tests at NASA Langloy prompted an lnvestigation of the phenomenon and
means hy which it can be mitigated. This phenomenci 18 quite familiur to the ram- jot desiguer since
this is a problem encountered in off-design operation. Tho presence of the Ballute in a turbulent
wake of the payload and the broad Mach number bard of operation not a rather complex problem.

In an cffort to initiate thia study, the consulling services of Dy, 8. Ostrach of Case Ynatituta
of Technology worg obtained, Hia function was tu reviow the genernl problem aren plas the spectlic
NAKA langley wind tuniel results, namely tho kigh-apmed achlieren movies, and Investigate and
aubmit reasons for the mzzing phenomenon, the incomplote medel inflation, and the suhsequent
model {fabric rupture, In addition he was to confirm GAC'n suggestaq solution of providing inlet
damping with screcna or reed valves or suggest other posainle solutions, A swintnacy of his Cuin-
ments {8 as follows:

(1) Sudden opening of the model could cnuse fabric rupture,

(2) Iusufticient inflation pressura due to the presence of u forebody low-pressuro wake
could epuse incomplete model inflation,

(3) Cyclic flow circulation {(in awi vul of the front inlet) or masa flow pulsations causod
by a pressura variation across the inlet due to shock wave curvature near the inlet
could causo {fabric rupture,

(4) Iulots with reod valves or oblique shock Inducors could alleviate problems,

An experimontal approach (o the problem was undortakon concurren.ly with the analytical
approach. A water flow table waas employed in thin invoatigation with various two -dimensional
models insorted in the stream {low to simulate saupersonie flow conditions, This hydraulic analog of
supcersonie [low 18 woll known to be exiact at M = 8.0 with duteriorution on olthor side of this oxact
Mnch nimber, It was folt, howevar, thut the gtudy hy this simulation would have merit oven though
two-dimensionst models would bo employed, and the flow simulation would nol be exact In gonie
casos. A qualitative evaluation of factors uffocting this phenomennn was undertuken using this ex-
perimental technique.

Tables 32 und 33 document the various configurations and flow conditions that were tested,
and a typical test metup {s ahown in Figure 164,

The waler table used i a commorcially avallable dovice known as the Aerodynalog. In
order tu moasurc the instability pussessed by the Ballute, attontion was given tu the characteristics
of the internal flow. Dy the insertion of a colored dye in the cavity of the model Ballute, the time of
its dissipation was indicative of the internal flow stability « the longer thme duration of the dissipa-
tion, the superior the flow stability.

Beries 1tests were conducted to detormine the effectivencas of a flow separator placed
forward of the afterbody, The function of the [low scparator was to stabilize the concave afterbody
inlet flow. This method was successfully employed by the University of Minnesota parachute group
to slabilize supersonic parachutes. As the result of this series of tests, it 18 concluded that the flow
separator does contribute to internal flow stability when it i8 located some distance upstream, not
adjacent to the coucave body. With the addition of the payload located § diameters forward, the {low
stability deteriorated somewhat; however, it was not ascertained whether the flow separator remain-
ed effeciive in this arrangewment. In the scries II tests where the flow separator was tested both in
and out of the wake of the payload, the effectiveness of the flow separator was not significant, It is
therelore conciuded that, at least for ticse shori coupled arrangements of payload and Ballute, the
flow separator 13 not effective; however, it may have merit for the long coupled urrangements,
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Table 33, Wator Table Test Log - Series 1 Conflguration

SERIES I CONFIGURATION

RUN TYPk MACH RUN TYPE MACH
NO. | CONFICURATION No, | £l v NO. | CONFIGURATION | NO. | £/d | x/a'
1 A 2 - - 1 3 - 10.81
2 3 12 AR C 2 510
3 A+B L) - 0 18 2 5 1018
4 ] - 0.18 14 2 5 10,28
) 2 - 0.22 15 2 S jom
[ 2 - 0.35 18 3 5 |0
7 2 - 0.31 17 3 b 1018
8 3 - 0 18 7 3 5 |C. 28
9 3 - 0.18 19 3 § {031
10 3 - 0.31 20 3 5 ]1.38

Table 33, Water Table Tost Log - Serles 11 Configuration

I v
M] Dy D3
VALVE \O SCREEN \Q
T di /d = 0.3 dy /d = 0.3 dy/d = 0.3
Dy Ds
0 O
SERIES I1 CONFIGURATION dy /d = 0.2 di/d= 0,125
SERIES I DECELERATOR VARIATIONS
RUN TYPE MACH RUN TYPE MACH
NO, | CONFIGURATION NO. | ¢Z/d x/d' NO. | CONFIGURATION NO. £/d | x/d'
1 o) 2 “ - 11 3 B8 -
2 3 - - 12 5 1 -
3 5 - - 13 5 4 -
4 D+ C 2 1 - 14 5 5 | -
5 2 4 - 15 5 8 .
8 2 5 - 16 Di+ F 2 5 -
7 2 8 - 17 2 8 -
8 3 1 - 18 3 5 -
9 3 4 - 19 3 6 .
10 3 5 - 20 5 5 -
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MACH TYPE
NQ, | CONFIGURATION NO. 4d x/d NO, | CONFIGURATION NQ, /4 | x/a
a1 b 6 - 41 5 4 -
22 Di+ P+ C 2 5 - 42 5 5 -
29 2 8 - 43 D2+ F +C 3 5 | -
24 K] b - 14 5 5 -
25 3 6 - 15 Dy 3 N
26 6 8 40 5 ~ -
2 5 6 a7 Dy + O 3 |-
Ll D3 2 - : 48 3 2 -
20 ] - 49 3 4 -
a0 b - - 6o 3 5 -
a1 D3 + C 3 4 ) 51 D4 p N -
32 J ] - 52 3 -
31 i 1 - 53 ] -
34 5 5 . 54 Dy C 5 3 | -
36 D3+ F+C 3 5 « 56 B 4 | -
36 i} b - it} 5 5
kY] D3 3 - - 57 5 il -
Ju il - 58 3 ] -
39 g+ € a 4 - 59 3 5 [0.14
40 ] b - 60 2 b -
61 2 5 10,14

Tho series 1 tests wore conducted on more roalistic Ballute mmodels with various inlet dia-
moeter ratios, payload location, and Internal flow damper systoms. Interal flow damping investiga-
tini was of purticular concorn in this test sories since {t was bolleved that if this flow should be
ndequately damped, the Ralluie would then become fully effective, To this ond the results were most
gralilylng sinco both the Ballute tnlet sereen danper and the flap valve damper contributed the sta-
bility deslred, The sereon-type damper exbibited superion quadllies s this demonsitaciou due w e
fine=mesh fubric sereen employed with its signifieant capilinry torees.  'The valve gystem amployed
in thin demonstration wag a shimple motal flapper valve without an adoguate seal around {ts edgen,

H was concluded that clther system would provide the necessary interal flow stability,

Additional observations of the flow characteristics aronnd the Dallute are worthy of men-
tion. The tests of various jnlet ratios where the dampers wore not employed indicated the internal
slability superiority of the largest inlet diameter ratio (dj/d = 0. 3) over the lesser values of 0.2
and 0. 125, The Inlet ratia of 0. 2 proved Lo be the most inferior,

The presence of forebodies (In this ease, payloads) results in a relative increase In inter-
nal ow stability over the totally exposed and undamped Ballute eaxe which was caused by the pay-
load's turbulent wake.

In the test cases where splkes were employed without the payload, superior stability was
demonstrated over the totally exposced Ballute cases. When the payload was ndded, the spike be-
cane a line and no significant contribution to tae stability was apparent.

As far as the offect of proximily of the payload to the Ballule and Mach number «ffects are
concerned, nothing siguificant can be reported Irom the test observation.

These tests confirmed the analytical studies and demonstrated qualitatively the stable per-

formanee of the Ballute with a flow damping system installed in the amrular inlet. This encouraged
its employment in the remaining wind tunnel tests.
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APPENDIX I
VARIABLE NDRAG BALLUTES

A. GENERAL

The decclaration of a puyioad along a given descent trajeetaory sometimes poscs require.
wmeats which seem to be best solved by altoring the drag force, For oxaiuple, 2 piven ballute muy
provide the required terminal velocity at the propor altitude. bat the maximem g loads along the
trajectory may he oxcessivo for the mission, Redueing the offoctivo drag araa during this period
with sulaoquent reduction in g's {s nne poseiblo solulion, Likewise, whon die mugniiude of ihe pro-
dicted impuct area 1s uareasonably large, programming of the braking forces during tha recovery
phase can roduce the seavch effort by shrinking this target area,

The evolution of the several methode varylng the drag of u payload-decolerator system has
beon the rosult of reviewini the test resulta of the contract study, 1t wus ovident during the wind
tunael tosts that the drag coefficients of the various configurations variod consicderably by changing
tho riser line longth between the puylond und the decolerator. The lnvestigation was divided into two
major catogories: multiple decelerators and variable geomotry decelerators,

The systoms to ho dlscussed in this soctlon are therefore
(1) variable riser line Ballutes
(2) Clusterod Ballutos
(3) variable geomotry Rallutes,
B, VARIARLY RISER LINE BALLUTES

Flgores 7Y tHirn 79 tiasteate geaphically the vartatton in the deag of g Ballute in and out of
the wake of the {orebody, Two slgnifteant eharacterigtics of this phonomenon are noted: the total
drag of n Ballute tridling within the wake of the payload may often be doublid by deploying it to a
position alt of the pyload wake, and the change of the drag coefticlent vilue oceurs through a rola-
tively shorl dlses Line lenpid viadalion,

The application of these fuets to vartable drag (8 olwlous, ws are the Himits of deag varia-
tion, 1f tho range of the required deceteration foree variation for a partlicular migsion does not ox-
coed a ratio of 2:1, the variable viger loe concopt 18 feasible,

The additional equipment required to make use of this system of deag variation 18 twolold,
Sensing equipment {8 vequired to monilor the crbticad paranietcis Quaaimum g loading, velocily,
fmpact aroa length, eote), The output of the sensing equipment must then be coupled to the riser line
length actuator {winch or simalar device).

C. CLUSTBERED BALLUTES

Over 100 tests of cluste: od Dallutes have been conducted in the Goodyear Alrcraft Corpora-
tion subsonie wind tannel at veloettios up to 260 M/see, The models were apheres 1.0 inchies in dia-
meter with 7-percent urble fences. Drag readiangs weee recorded in clusters of one to soven. The
significant data is summarized as follows:

No. of Ballutes Mean
_in Cluster_ ¢
i 0.48
2 0. by
3 0.75
4 0.80
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1t is evident that in the subsonte veloeity regime the efficieney of the Rallute may be {a-
creased substontially by elustering,

Coupled with the invvease of the value of the Cp, it 18 noted that the addition or subtraciion
of Ballutes from 4 decelevation systen woald vary the total drag by a factor greator than the linear
inerease or deeresse of froptal area,

Stuce tie (roatal area of & Dallute 5 703 and the surface area Is 4102, the vatio of the drag
aven to twe fabvie vequired is 14 and the same amount of faliric I8 requived for a given drag arca
fur a single Ballute ap for neveral,

Aunanalyais of the structural reguivemonts of clustered Ballutes as compared to o single
Ballvte of the same drag aren 18 deseribaad nusierivally as follows:

Let Ry = radlus of single Ballute,

g - radius of each Batlute in cluster,
n = numboer of Ballutes in cluster,
P = Internal Ballute pressure in /i, 2

f = fabrle stress i WhAin,
Then
Aren of pingle Ballute - #nd
Aroen of Ballute Cluster = nnl(ga
nn‘? e nnllgz
lt,z - nllg2
3 Iy4
T
VAL
2 n Vv
Likewise
PHy
fy -

)
g = P\
2 2

Forexample, i Ry » 104n. andn = 4,

R,
R2 Eﬁ‘—
e U
JE
Rg = § in.
Let
P = 10 psi.
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Then
PR
fywegt = ,19,%.-1.51 = 50 Ib/in,

.
2 gl’.?l « B8 a8 /i,

Asguming lnear 1elatioaship of fulntc weight (o stvength, the woight of a cluster ot tour Bailuivs
(Hsvegarding € change) is ono halt o1 & single Batlute of equivalent drag area.

D. VARIARLE GFEOMETRY BALLUTES

The third wethod for varying the decceleration eharacteristics of a Ballule system i8 by
changing the gcomatry of a single liallute 0 an to affeet both a change of frontal area ana drag co-
efficlont value. Since the Dallute e essentlaily a pressure vessel, i{ts goometry i8 fixed (or o gven
#et oi aerodynnmie loading conditions.  The geometry of a gingle Ballute can be varied hy uatng 4
combination of fabw ¢ pressurc vessels which may bo inflated separately nre together. Two schoma-
tica of how this mighl be accompiishod are shown in Figures 165 through 188, Figurca 155, 156,
and 167 deplet a cloged pressur~ Balte conoisting of w 12-sided pyramid cunstreucted of Atrmat
panels to which has been udded ai outer skin attached 1o the pyramid at the panel juncture lines,
Theso packets are capable of being intlated indepondontly, forming a serios of tangent cones. Since
both the base diameter and the cono anglo of thig Ballute ean bo varied, the frontal area and the drag
coofficiont change in unison, resulting in a considerable chango in the total effective drag.

Tha sucond coneepl (Figures 108 and 168) 18 o modulication of the firat, differing 1u that the
Alrnwt 1a ruplaced with a ram-air Dallute, The system geometry I8 controlled by a ram-air valve
which, actuated through a 90-degroe are, diverts the ram air from full to goro with respect to the
inner Ballute while opening the outer Ballute orifiee simultancously from zera to full,

Fon CUTER AN CHAMIE RS
/ FEN LY INRL AT RELTE T

AIRMAT GORES
DEFLATCO = ="

Figure 155, Dual-Chambered Inflated Variable-Drag Cone (Smallest Drag)

!
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Figure 159. Ram-Air Docbie-Skin Ballute
(Outer Chawxbers Inflzted)

Figure 158. Ram-Air Double-Sk.n Ballute {Inner Chamber Infiated)




APPENDIX 1T
VARIOUS SPHERE DRAG SHARES

The sphoere has long been Known as an officlont shape for preasure vosdels, praviding the
lowest welght structure for a glven volume und pressure, This bs teue, iwwsver, anly when the lnad-
g is symumetrieal about any plane containing a great cirele, In the cuse of u dvag banty L Joading
is not symmetvieal about the equatorial plane,  The aptimn ghupe 16 not W ephere, therefere, us is
shown in the following naalysis,

Consider first the meridian-type deag body. I the body 18 2 perfect sphere, t50 aneridian
cables are perpendicular to the viger line at the nope of the deig Vody and therefore crnnnot rexisl
any riger~line load. Also, If there I8 any tension in the meridiug cables, thuy cause the sphers ta
assume 2 new shape, either by wrinkling or by elongation of the enveinpe material. For these twn
reagons, therefore, the structure must deviate fron ity gpherical whuapo (0 funetton we u digy enly
For o given size und loading, the atructural weight depends on the nmodint of deviation fram a
spherical ghape that can be tolerated, The mintmum welght (s obtained with some foene ol peu
shaped or hent-shapod body,  As the deag Ixady Becomen more sphierical, (s welpght ineeeanes uniil
for g perfect siiere the pressure and welght theoretiendly o to Infinity.

It cap bo ghown that the same {8 true of any other (ype uf wungrension of e spherieal feay
body,  Any type of unsymuineteieal loadhn, conathn bconnyimmeteieal dollectionag, cauelig the slign
to doviate from a sphere. It 4s not posstide ta sny which type of spheie 1o e Jwnt uislenn the anoant
of devintion fram a true gpheroe (k spectfied, Tivany cane, o aently sphonical shape will be hoavin
than a pear«ghaped or heatt-shaped type,
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